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While almost all mammalian genes express their maternally and paternally inherited copies 
equally, a small subset of genes (~100 in humans) are subject to parent-specific expression. 
This peculiar form of gene expression, known as genomic imprinting, is controlled by an 
epigenetic mechanism involving differential DNA methylation and histone modification that 
is dependent on the sex of the parent from which it is inherited. These genes play their biggest 
role in development where a parent-offspring conflict arises over parental investment to a 
growing fetus. Here, paternally expressed genes act to maximise embryonic and fetal growth, 
even if this restricts maternal reproductive fitness and offspring sired by other fathers. In 
contrast, maternally expressed genes act to limit fetal growth and share maternal resources 
equally, irrespective of who the father is.  
 
In marsupials, an ancient mammalian lineage known for their unique and precocious 
development, genomic imprinting has been observed, yet on a far smaller scale than their 
eutherian mammal cousins. It has been hypothesised that this difference is due to the short-
lived and less invasive marsupial placenta, meaning there is less opportunity for paternally-
derived genes to influence maternal resources for the fetus. Previous investigations into 
genomic imprinting in marsupials have focused on the Australian tammar wallaby and the 
South American gray short-tailed opossum; however, New Zealand’s large and hybridised 
population of common brushtail possums, whose genome has recently been sequenced, 
provides a great opportunity to study the expression of single nucleotide polymorphisms 
(SNPs) within these imprinted genes in marsupials.  
 
A search for SNPs within known mammalian imprinted genes was conducted in the brushtail 
possum, as well as a genome-wide search for mono-allelically expressed SNPs within 
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candidate marsupial-specific imprinted genes. DNA amplicons were created to genotype these 
SNPs in multiple individuals and by creating and using pre-existing RNA sequencing datasets, 
the expressed allele of these SNPs was assessed to determine monoallelic expression in 
heterozygous individuals.  
 
For two known mammalian imprinted genes, IGF2R and H19, monoallelic expression was 
discovered in the brushtail possum; however, the absence of any pairs of homozygous mothers 
and heterozygous pouch young meant that parent-specific imprinting of these genes could not 
be confirmed. Preliminary results showed that IGF2, another known imprinted gene, was 
expressed monoallelically in pouch young but biallelically in possum 'back-rider' juveniles and 
adults. Efforts to find novel, marsupial-specific imprinted genes initially looked promising, but 
were later found to be pseudogenes showing false monoallelic expression. Future directions 
should aim to confirm the monoallelic expression of IGF2R and H19 as genomic imprinting 
by examining more mother-offspring pairs as well as confirming the switch from monoallelic 
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1 CHAPTER ONE: INTRODUCTION AND AIMS 
The introduction for this thesis gives an overview of relevant background information and previous 
literature that formed the rationale for my research in 2021. I describe what genomic imprinting is, 
how this mechanism is regulated, the cycle of how imprints are established, maintained, and erased, 
and what can happen when this process goes wrong. Particularly relevant to this project, I look into 
why looking at genomic imprinting in marsupials such as the brushtail possum is interesting from an 
evolutionary point of view in regard to the evolution of viviparity in the mammalian lineage. I 
summarise this chapter by highlighting the aims and hypothesis for my research project.  
 
1.1 What is genomic imprinting?  
1.1.1 Definition and discovery  
As diploid organisms, humans and other mammals possess two copies of every autosomal gene: one 
from their mother and one from their father. The vast majority of these genes have both the maternally 
and paternally inherited copies expressed equally; however, a minority of genes (~100 in humans) 
are subject to ‘genomic imprinting’, meaning gene expression is monoallelic and dependent upon the 
sex of the parent from which it is inherited. Expression of the single allele may also be tissue-specific 
or developmental stage-specific, as opposed to globally and constitutively imprinted.  
 
The commonly described discovery of genomic imprinting in mammals dates back to 1984, where 
two groups were examining why mouse embryos could not complete embryogenesis with two female 
pronuclei (McGrath & Solter, 1984; Surani et al., 1984). They concluded that both the male and 
female derived haploid genomes are required for mammalian embryogenesis, suggesting that there is 
something unique to the male and female genomes that is required for normal development. In their 
quest to understand gamete genome non-equivalence, these groups were amongst the first to realise 
that in a relatively small number of mammalian autosomal genes, genomic imprinting occurs whereby 
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the gene shows uniparental-monoallelic expression, silencing the maternal or paternal copy in favour 
of the alternate copy. Nevertheless, credit for the first discovery of parent-specific gene expression 
(imprinting) in mammals deserves to go to Australian researchers studying X-linked isozymes in the 
kangaroo. This study, by Cooper et al. (1971), was the first to show that marsupial X chromosome 
inactivation does not occur randomly, as in eutherian mammals, but rather the paternal X 
chromosome is always silenced. This finding was perhaps the first discovery of parent-specific gene 
silencing in mammals, more than a decade before the term “genomic imprinting” was coined.  
 
1.1.2 Imprinted genes are epigenetically regulated: DNA methylation  
Epigenetic modifications are heritable changes made to the genome that do not change the actual 
DNA sequence. Given that every single cell in one’s body has the same DNA sequence, epigenetics 
is clearly significant for helping cells to differentiate into hundreds of different cell-types and lineages 
during development. Epigenetic modification is also key to regulation of imprinted genes, allowing 
silencing of one parental allele, but expression of the other, within the same nucleus.  
 
DNA methylation at CpG sites and histone modifications are two common epigenetic modifications 
(Greenberg & Bourc’His, 2019). For DNA methylation to occur, conserved enzymes called DNA 
methyltransferases (DNMTs) must transfer a methyl group onto the 5th carbon on a cytosine 
nucleotide situated next to a guanine, together known as a CpG dinucleotide. CpG dinucleotides are 
often found in “islands” scattered throughout different elements across the genome which, when 
methylated, will usually silence gene promoters or other nearby regulatory elements (Deaton & Bird, 
2011). In imprinted gene clusters, imprint control regions (ICRs) consisting of a CpG island with 
parent-specific methylation, help to orchestrate imprinted gene expression. Often ICRs are in gene 
promoters (so the methylated CpG island silences the gene it overlaps), however, this initial signal is 




A good example of how DNA methylation controls imprinted gene expression throughout an entire 
locus is at the IGF2/H19 cluster. Insulin-like growth factor II (IGF2), a gene that plays a role in cell 
growth and division, is methylated on the maternal chromosome, meaning expression is exclusive to 
the paternal allele. This was elucidated in a paper released by Dechiara et al. (1991), which found 
that knocking out the paternal IGF2 gene in mice resulted in undersized progeny, whereas a knock 
out of the maternal allele saw phenotypically normal progeny. A nearby gene in the same cluster, 
H19, encodes a long noncoding RNA that plays a role in limiting cell proliferation and has been found 
to be reciprocally imprinted to IGF2, with the paternal allele methylated and the maternal allele 
expressed (Vernucci, 2003).  
 
For imprinting to function at this cluster, several steps involving DNA methylation must occur. 
Methylation upstream of H19 at the ICR on the paternally derived chromosome both silences H19 
and blocks binding of an insulator protein called the CCCTC-binding factor (CTCF) (Macdonald, 
2012) (Figure 1.1A). On the maternal chromosome, CTCF is able to bind to the intergenic ICR due 
to the lack of methylation. Additionally, a second CTCF can bind to a differentially methylated region 
within IGF2 on the maternal allele, allowing the two CTCF proteins to form a homodimer, 
establishing a chromatin loop and physical barrier that blocks the IGF2/H19 cluster enhancer from 
interacting with IGF2, leaving it to only interact with H19 (Kurukuti et al., 2006). This effectively 
silences the IGF2 gene but leaves H19 activated.  
 
1.1.3 Imprinted genes are epigenetically regulated: histone tail modifications 
Chromatin, the packaging complex of DNA, is made up of nucleosomes. These repeating units wind 
up the DNA around pairs of four histone proteins: H2A, H2B, H3, and H4. Chemical modifications 
that get made to the tails of these histone proteins are crucial for the epigenetic regulation of a 
multitude of developmental processes, including genomic imprinting, by altering chromatin 
accessibility for transcription factors and other proteins for interaction with the DNA sequence 
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(Bannister & Kouzarides, 2011). The histone modifications are commonly either methylation or 
acetylation with the site of the modification, especially the specific histone protein and amino acid 
residue, as well as the number of marks added, helping to determine how the chromatin conformation 
changes in response. As for general epigenetic gene control, histone modifications and CpG 
methylation work together to enable genomic imprinting. 
 
An example of how histone modifications help to influence genomic imprinting is at the IGF2R locus. 
In rodents, this locus undergoes monoallelic expression, with Igf2r being maternally expressed and 
paternally silenced (Kalscheuer et al., 1993) (Figure 1.1B). This process is aided by Airn, a long non-
coding RNA which is paternally expressed and maternally silenced (Sleutels et al., 2002). To 
facilitate this, activating H3K4 methylation marks are found at the Igf2r promoter on the maternal 
chromosome, yet are absent at the same position on the paternal chromosome. Instead, CpG site 
methylation as well as silencing H3K9 methylation marks are found at the paternal Igf2r promoter to 
prevent transcription. The Airn promoter at the 3’ end of the Igf2r locus undergoes methylation, and 
silencing H3K9 methylation marks are added maternally, whilst the paternal promoter sees only 
H3K4 methylation, which activates it. The Airn antisense transcript overlaps the Igf2r promoter, 
further helping to silence Igf2r on the paternal chromosome, resulting in Igf2r expression exclusively 





Figure 1.1. Examples of how DNA methylation and histone modifications regulate genomic imprinting at two loci.  
(A) IGF2 is paternally expressed and H19 is maternally expressed. The CTCF insulator protein binds the maternal ICR, inhibiting 
nearby methylation and restricting the interaction of an enhancer to only H19, resulting in IGF2 being silenced and H19 being 
expressed. The paternal ICR is methylated and CTCF cannot bind, meaning further DNA methylation is not inhibited. A silencer 
upstream of IGF2 is inactivated by methylation and the enhancer can also interact with IGF2, meaning it is expressed and H19 is 
silenced. The CTCF site in the differentially methylated region within the maternal IGF2 is not shown.  (B) In rodents, Igf2r is 
maternally expressed and paternally silenced. This is sustained via activating H3K4 histone marks at the gene’s promoter on the 
maternal allele, and repressing H3K9 histone marks and DNA methylation at the promoter on the paternal allele. There is a second 
promoter for an antisense transcript, Airn, at the 3’ end of the gene. On the maternal allele, this promoter has repressing H3K9 marks 
as well as DNA methylation. On the paternal allele this promoter has activating H3K4 histone marks, allowing expression of the Airn 
transcript, which in turn inhibits the Igf2r promoter. This results in maternal Igf2r expression and paternal Igf2r silencing.  
 
1.2 The imprinted gene life-cycle 
1.2.1 Establishment of epigenetic imprints  
Genomic imprints must be able to go through a continual cycle of three stages: establishment, 
maintenance, and erasure, to ensure they are propagated successfully from generation to generation 
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(Figure 1.2). In the first stage, the correct de novo establishment of imprints is crucial to restart the 
imprint “life cycle” and prevent disorders related to the incorrect dosage of imprinted genes. In the 
male germline, differentially methylated regions in ICRs such as those for IGF2/H19 have been found 
to be (re-)established prenatally in the earliest stages of sperm development at the prospermatogonia 
stage (Ueda et al., 2000). This contrasts to the female germline, where imprints are established 
postnatally during the oocyte growth phase in accordance with the size of the oocyte (Hiura et al., 
2006). Studies such as those by Kaneda et al. (2004) compared the mechanisms for establishing 
maternal and paternal imprints and found that a DNA methyltransferase enzyme, DNMT3A, and a 
non-enzymatic but related protein, DNMT3L, play key roles in de novo DNA methylation in both the 
developing sperm and growing oocytes. Despite its importance in the establishment of imprints, the 
mechanism of how the DNMT3A/DNMT3L complex recognises the parent-of-origin during the 
establishment of the imprints remains to be a gap in the literature.  
 
1.2.2 Maintenance of epigenetic imprints 
The second stage in the “life cycle” for genomic imprinting is the maintenance of the imprints. In 
order for a zygote to achieve totipotency post-fertilisation, it must undergo a wave of reprogramming 
and global demethylation (Bagci & Fisher, 2013). This wave would also impact any DNA 
methylation inherited as genomic imprints if it were not for protective mechanisms. While a number 
of proteins act to protect and maintain the imprints during this period in development following 
fertilisation and prior to implantation, DNMT1, another DNA methyltransferase enzyme, plays the 
biggest role in this stage (Hirasawa et al., 2008). DNMT1 has been found to have slightly different 
functions, depending on its origin. DNMT1o, the maternal isoform derived from the oocyte, 
maintains the imprints for a single cell cycle at the beginning of global demethylation, whereas 
DNMT1s, the zygotically expressed isoform, is thought to maintain the imprints throughout the rest 
of pre-implantation development (Howell et al., 2001). Post-implantation, once the initial wave of 
global demethylation has subsided and the somatic cells have differentiated further, both DNMT1s 
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and histone modifications play equally important roles in maintaining the imprints. Repressing 
histone marks such as H3K9me3 are added to methylated ICRs, further stabilising the imprinted state 
in somatic cells (Lewis et al., 2004). This includes the placenta, where histone modifications seem to 
take precedent over DNA methylation for imprint maintenance. This was shown by Lewis et al. 
(2004), who demonstrated that mice with loss of function of Dnmt1 in the placenta continue to 
maintain correct imprinting status at selected imprint clusters.  
 
Another mechanism known to maintain the imprints is through the action of zinc-finger protein 57 
(ZFP57) and KRAB-associated protein (KAP1). The zinc finger protein family is a large group of 
related transcription factors that mediate specific nucleic acid sequences through the specificity of 
the zinc finger motifs. KAP1 is a protein that can bind to the A-box of the KRAB domain on ZFP57, 
helping to mediate transcriptional repression. The creation of Zfp57-knockout mice by Xiajun Li et 
al. (2008) saw penetrant embryonic lethality, especially in the absence of both maternal and zygotic 
ZFP57, and methylation analysis using combined bisulphite restriction analysis and bisulphite Sanger 
sequencing confirmed that the imprints were unable to be maintained in the embryos post-
fertilisation. Later work by Zuo et al. (2012) then found that the loss of imprinting in Zfp57-knockout 
mouse embryonic stem cells could not be rescued after the addition of exogenous ZFP57 protein. 
Additionally, they also found that when ZFP57 and DNA methyltransferases were co-expressed in 
COS (monkey fibroblasts) cells, they could form a complex in the presence of KAP1. This finding 
was one of the first indications that ZFP57 may recruit DNMTs via KAP1 to target specific regions 
on the DNA that require maintenance of genomic imprints.   
 
1.2.3 Erasure of epigenetic imprints 
The third stage of the imprint “life cycle” is the erasure of the imprints in the primordial germ cells 
during early development so that they can then be re-established in the prospermatogonia or growing 
oocytes (section 1.2.1). DNA demethylation to erase imprints happens via either a passive or active 
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pathway. In passive DNA demethylation, methylated cytosines (5-methylcytosine; 5mC) are lost 
during rounds of DNA replication where maintenance mechanisms like DNMT are not active (Kohli 
& Zhang, 2013). Active DNA demethylation refers to a mechanism where enzymes work to remove 
the methyl group from the cytosine, such as those in the ten-eleven translocation (TET) family, which 
convert 5mC to 5-hydroxymethylcytosine (5hmC), marking the nucleotide for base excision repair 
(Kohli & Zhang, 2013). Multiple groups have found that demethylating enzymes, notably TET1, are 
expressed in the primordial germ cells at around embryonic day 11.5 in the mouse, which is the same 
time that methylated ICRs are having their imprints erased (Hackett et al., 2013; Kagiwada et al., 
2012), with other groups concluding from these findings that active DNA demethylation is required 
for the erasure of the imprints in these cells (Kawasaki et al., 2015). Once imprints have been erased 
in the primordial germ cells, the “life cycle” will restart, with the DNMT3A/DNMT3L complex 
working to re-establish new, de novo imprints in the sex-determined germ cells.  
 
 
Figure 1.2. The genomic imprinting “life cycle”.  
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Paternal imprints in the sperm are established prenatally whereas maternal imprints in the oocyte are established postnatally. Following 
fertilisation, these imprints must be maintained during waves of demethylation and differentiation, before being erased in the 
developing primordial germ cells, and then becoming re-established as the cycle repeats. 
 
1.2.4 Imprinting malfunction leading to human disease and disorder  
Any aberrations to the process that sustains the genomic imprinting “life cycle” can potentially be 
disastrous to that cell and to the wider system. A failure by the body to maintain genomic imprints is 
widely accepted to be implicated in the progression of cancer tumorigenesis, notably for imprinted 
gene loci involved in cell proliferation and growth such as IGF2 (Holm et al., 2005). A global state 
of hypomethylation, potentially caused by changes to DNMT1 activity or regulation, can cause loss 
of imprinting at such loci, meaning expression might change from monoallelic to biallelic, resulting 
in double the normal IGF2 dose for that cell, promoting uncontrolled cell proliferation leading to 
tumour growth (Wang, 2012). The correlation between loss of imprinting at the IGF2/H19 locus and 
cancer was first identified in 1993 when two studies by Ogawa et al. (1993) and Rainier et al. (1993) 
identified loss of imprinting at the IGF2/H19 locus as an early epigenetic marker of cancer in the 
Wilms tumour, a childhood kidney cancer. Since then, the same feature has been identified in a wide 
range of cancers, including pancreatic, gastric, and colorectal cancers (Leick et al., 2011). In about 
5% of patients with Beckwith-Wiedemann syndrome (BWS), a congenital overgrowth disorder with 
a high childhood cancer and tumour risk, overexpression of IGF2 is caused by a gain of a paternal 
methylation pattern on the maternal chromosome at that locus. Roughly half of BWS patients are 
affected by a different imprinting aberration at KCNQ1OT1, a paternally expressed gene antisense to 
the maternally expressed KCNQ1. Loss of methylation here results in no expression of the nearby 
tumour suppressor gene, CDKN1C, manifesting into a BWS phenotype (Weksberg et al., 2010).  
 
Other well-known examples of human neurodevelopmental disorders resulting from improper 
imprinting are Prader-Willi syndrome (PWS) and Angelman syndrome (AS). Both disorders result 
from aberrations in the imprinted PWS-AS locus at 15q11-q13. In most cases of PWS, small nucleolar 
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RNA (snoRNA) genes at the PWS-AS locus that are usually paternally expressed (maternally 
silenced), become non-functional on the paternal chromosome, usually through a deletion, mutation 
or maternal uniparental disomy, resulting in no expression of this snoRNA cluster (Sahoo et al., 
2008). In most cases of AS, a deletion or mutation at the UBE3A gene on the maternal allele cannot 
be compensated for by the paternal allele as it is silenced by genomic imprinting, resulting in no 
functional copies of UBE3A being expressed (Kishino et al., 1997). However, it has been found that 
a minority of cases (~2-4%) of both AS and PWS can be attributed to defects in the imprinting 
mechanisms themselves. This may be due to microdeletions at an ICR situated at the SNRPN locus 
within the 15q11-q13 region, making that ICR non-functional (Buiting et al., 1995), or due to 
epimutations resulting from a failure in the mechanisms which erase, establish, and maintain imprints 
with each generation, which Buiting et al. (2003) found to be derived from grandparental 
chromosomes in AS and PWS patients.  
 
1.3 Marsupials and imprinting  
The majority of imprinted gene study has been undertaken in human patients, or using the mouse as 
a model for humans. Nevertheless, study of imprinted genes in divergent species has taught us much 
about how and why genomic imprinting evolved in mammals. Of particular interest to imprinted gene 
studies are the marsupials, as a consequence of their reduced placentation.  
 
1.3.1 Early marsupial development and its relationship to genomic imprinting  
As one of three groups of the class Mammalia, marsupials make up the metatherian clade that is 
endemic to Australasia and the Americas, famous for their unique and precocious development (H. 
Tyndale-Biscoe, 2005). These differences are most notable when compared to their better-studied 
sister eutherian clade, which includes humans, mice, and most other mammalian species. The most 
well-known difference between marsupial and eutherian mammals is that marsupial young are born 
extremely underdeveloped when compared to eutherian mammals. Immediately following birth, the 
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marsupial pouch young crawls to the nipple inside the mother’s pouch, where it will suckle for a 
number of months, ingesting various types of milk that change throughout postnatal development, up 
until it can survive outside of the pouch as a joey (Pharo, 2019).  
 
Genomic imprinting has been observed in marsupials; however, compared to the 100 or so imprinted 
genes in eutherian mammals, the number in marsupials is far fewer, with just eight of the marsupial 
orthologues of eutherian imprinted genes (IGF2, INS, H19, IGF2R, MEST, PEG10, HTR2A, 
L3MBTL) also showing imprinted expression (Stringer et al., 2014). A study by Douglas et al. (2014) 
claimed to identify an additional, marsupial-specific imprinted gene (MEIS1) in the South American 
gray short-tailed opossum, although this study lacked tissue-specific data in their investigation, solely 
focusing their efforts on fibroblasts cultured from ear tissue. It has been predicted that marsupials 
have such a low number of imprinted genes because their reproductive lifestyle does not involve an 
extended period of placentation as found in eutherian mammals.  
 
1.3.2 The evolution of placentation and viviparity alongside genomic imprinting  
Imprinted gene evolution is inextricably linked to the evolution of the placenta and viviparity in 
mammals. The placenta is a temporary organ of fetal origin that allows for gas and nutrient exchange 
between the fetus and the mother, essentially enabling viviparity. Moreover, of the genes recognized 
to be imprinted in mammalian species, almost all of them are expressed in the placenta (Peters, 2014).  
 
The placenta also represents a developmental organ whereby paternally derived genes in the offspring 
have a unique opportunity to influence the provision of maternal resources – a further attribute 
thought to be linked to imprinted gene evolution. It has long been predicted that in polygamous 
species, a conflict exists between mothers and fathers regarding the provision of maternal resources 
(Trivers, 1974). That is, fathers desire as much maternal resources for their offspring, even at the 
expense of maternal reproductive output. In contrast, mothers seek to distribute resources equally 
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among their offspring, irrespective of who the father is. Under this scenario, it is expected that if 
paternally expressed genes were to exist in the placenta, these would be selected to maximise nutrients 
consumption and increase growth of offspring, whereas maternally expressed genes would act to 
diminish this effect. The formalisation of this prediction as the 'parental conflict' hypothesis (Moore 
& Haig, 1991), and its more recent expansion into the kinship hypothesis (Haig, 2000), is surprisingly 
accurate with respect to the function of imprinted genes. For example, paternally expressed imprinted 
genes are predominantly growth factors (such as IGF2), and maternally expressed genes largely act 
as repressors of growth factors in the offspring (such as IGF2R and H19).  
 
Importantly, divergent mammalian groups provide a critical test for the parental conflict hypothesis. 
Viviparous mammals, which includes eutherian mammals and marsupials (together termed therians) 
diverged from the egg-laying monotremes roughly 186 million years ago (Phillips et al., 2009), 
whereas marsupials and eutherians are thought to have diverged from each other roughly 160 million 
years ago (Luo et al., 2011). This means that a complex placenta must have evolved in therians 160-
186 million years ago, after the divergence of therians and monotremes but before the radiation of 
therians. Importantly, if the parental conflict hypothesis is correct, imprinting should only exist in 
live-bearing therian mammals, and not the egg-laying monotremes. Indeed, this prediction has so far 
proven correct – imprinted genes have only been identified in marsupials and eutherians, with no 
imprinting being seen in monotremes (Killian et al., 2001; Renfree et al., 2009).  
 
There are important differences between the placentas of eutherian mammals and marsupials which 
also have relevance to the parent-conflict hypothesis. Due to their extremely short gestational periods, 
the placentas of tammar wallabies and brushtail possums are short-lived, non-invasive, and 
choriovitelline, where the chorion fuses with the yolk sac to make the structure (Freyer et al., 2007). 
Because of reduced placentation, milk plays a more crucial role in early marsupial development 
relative to eutherians (Pharo, 2019). This means that in marsupials, there is less opportunity for 
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paternally derived genes to influence maternal resources, a fact that may influence the nature and 
extent of genomic imprinting in mammals. As mentioned earlier, just eight orthologues of eutherian 
imprinted genes have also been found to be imprinted in marsupials and so far, just one marsupial-
specific imprinted gene has been discovered. There also seems to be a difference in the importance 
of differentially methylated regions (DMRs) between marsupials and eutherians. While almost all 
eutherian imprinted genes are controlled by DMRs, only IGF2, H19, and PEG10 are described as 
being associated with a DMR in marsupials (Smits et al., 2008; Suzuki et al., 2007), with other 
mechanisms such as histone tail modification taking more of a leading role. Together, these 
observations suggest that genomic imprinting was selected for enough to be retained in the marsupial 
lineage, but due to their short-lived and less invasive placenta, there was no need for imprinting to be 
as widespread. An additional observation to back up this claim comes from evidence from the tammar 
wallaby, which found that many of the imprinted genes in the placenta are not completely silenced 
and ‘leaky’ expression of the imprinted allele is detected, with such examples being IGF2, INS, 
MEST, and PEG10 (Ager et al., 2007; Suzuki et al., 2007; Suzuki et al., 2005). This is in contrast to 
eutherians where the silencing is complete, with no expression of the imprinted allele. Again, this 
indicates that robust regulation of imprinted genes in marsupials is not as crucial as in the marsupial 
placenta compared to the eutherian one, probably owing to its altered role in the development of the 
marsupial offspring, with the mammary gland likely taking its place.  
 
Nevertheless, there still appears to be many overlaps between eutherian and marsupial imprinting. 
For example, PEG10, an essential gene for the placenta, was found by Suzuki et al. (2007) to be the 
first imprinted gene associated to a DMR in marsupials, indicating a common origin for differential 
methylation control of imprinting in therians. Orthologues of the gene are found in eutherians and 
marsupials but not monotremes, and further investigation by that group found homology between 
PEG10 and the Sushi-ichi transposon, suggesting it was derived from a retrotransposon that integrated 




1.3.3 The evolution of imprinted gene control machinery and epigenetic reprogramming 
In addition to having differences and similarities to eutherian mammals with regard to imprinted 
genes themselves, the 'life-cycle' of marsupial imprinted genes also appears to be familiar but unique. 
A consequence of altricial marsupial birth is that the process of epigenetic reprogramming in the 
germline occurs postnatally, rather than between embryonic day (E) 10.5 and E12.5 as it does in mice 
(Hajkova et al., 2002; Suzuki et al., 2013). This is the period of global demethylation in the primordial 
germ cells where the genomic imprints are erased and re-established, which in eutherian mammals 
will occur during the colonisation of the genital ridge and continue into gametogenesis. Suzuki et al. 
(2013) observed that in the tammar wallaby, the DMRs of H19 and PEG10, two imprinted gene loci, 
are unmethylated by day 14 postpartum and before day 7 postpartum, respectively. This suggests that; 
a) the establishment of methylation at DMRs in marsupials might occur at different times across 
different imprinted loci; and b) the timing of marsupial germline reprogramming is actually 
conserved between marsupials and eutherians if day 10 postpartum in the tammar wallaby is 
considered the equivalent to about E10.5 to E12.5 in the mouse. This is a conclusion that Ishihara et 
al. (2019) also came to, further suggesting that the DNMT3L reprogramming mechanisms must have 
evolved prior to marsupial-eutherian divergence about 160 million years ago.  
 
1.3.4 The common brushtail possum: a new model for marsupial imprinting  
Although marsupials have delivered some of the most compelling support for the parental conflict 
hypothesis, there is still much to understand about the nature of genomic imprinting and its evolution 
that marsupials can address. Nevertheless, study of marsupial imprinting over the years has been 
hampered by a lack of suitable models for study, and sufficient knowledge of the marsupial genome. 
A marsupial species of particular interest to New Zealand is the common brushtail possum 
(Trichosurus vulpecula), and it could be that this is the ideal model from which to explore the origins 




Brushtail possums were introduced from populations in Victoria and Tasmania in the mid-19th 
century to establish a fur trade, and as the species found a lack of natural predators in this new 
environment, they quickly became rampant and invasive. Possums represent a serious threat to 
biodiversity in New Zealand, with negative impacts ranging from the destruction of native forest 
ecosystems, predation on native bird species, and spreading bovine tuberculosis, potentially 
threatening livestock (Tait et al., 2017). As such, there is a great need to learn as much as possible 
about brushtail possum genetics, especially if we are to meet the New Zealand government’s goal of 
eradicating possums from the country by 2050. From the perspective of genomic imprinting, it is 
important to note the differences between the Tasmanian and mainland Australian ecotypes of 
possum, which are respectively considered the subspecies T. v. fuliginosis and T. v. vulpecula. T. v. 
fuliginosis is distinguished by its black or reddish coat colour, whereas T. v. vulpecula is known for 
its predominantly grey coat colour. In New Zealand, these ecotypes have hybridised (Sarre et al., 
2014), meaning there are plenty of polymorphisms in the genome which can be used to distinguish 
between maternal and paternal alleles. This, coupled with their high population levels, pest status and 
relative ease at obtaining tissue, makes it obvious as to why they represent an ideal species from 
which to further explore the nature of genomic imprinting in marsupials.  
 
In addition to these compelling reasons, the genome of the common brushtail possum was just 
recently sequenced (https://www.ncbi.nlm.nih.gov/assembly/GCF_011100635.1/), opening the door 
for future research targeting their development, reproduction, and epigenetics, including genomic 
imprinting. When compared to six other marsupial species that have had their genome sequenced, as 
seen in Table 1.1, it is clear that the relatively large median scaffold size (442 Kb) places it amongst 
the best assembled marsupial genomes available. Moreover, as members of my laboratory sourced 
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the male pouch young sequenced for the genome project (called 'Sandy'1); all of his tissues, and that 
of his mother and sister are held locally and many have had RNA sequencing performed on them. 
This greatly simplifies the identification of candidate imprinted genes in possum as 1) large numbers 
of single nucleotide polymorphisms (SNPs) can be identified in Sandy's genome as a result of the 
high-depth genomic sequencing performed on his tissue for the genome project, 2) monoallelic 
expression of his tissues can be assessed by examining RNA-sequencing datasets produced for 
annotation of the possum genome, and 3) the direction of imprinting can be inferred by identification 
of maternally-inherited alleles that have passed on by Sandy's mother. In addition to Sandy and his 
family, RNA sequencing datasets from 22 other individuals of varying ages were produced as part of 
the Possum Genome Project.  
 
 
1.4 Research aims and hypothesis 
The overarching aim of my research project is to gain a more comprehensive understanding of the 
existence of genomic imprinting in marsupials by identifying and characterising imprinted genes from 
a range of tissues in the brushtail possum. In order to achieve this, my project was divided into three 
main segments: a) identifying single nucleotide polymorphisms (SNPs) in candidate imprinted genes 
in the sequenced possum genome; b) searching for those same SNPs in other possum samples; and 
c) using RNA sequencing data to assess the allelic expression of any common SNPs, alongside data 
from the mothers of the joeys to determine the direction of parental expression. Prior to starting the 
research, I aimed to confirm genomic imprinting in the brushtail possum for genes previously 
described as being imprinted in other marsupial species. Additionally, I aimed that, like Douglas et 
al. (2014) (mentioned in paragraph 1.3.1), I would find at least one marsupial-specific imprinted gene.  
  
 
1 Sandy was named after 'Sandymount', the prominent hill and dune region on Otago peninsula where he was trapped. 
His mother, 'Puku', and sister, 'Sheila', were also trapped at the same time.  
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Table 1.1. Comparing reference genomes for previously sequenced marsupial species  
Species, genome name, 










Year Sex, continent, & other notes Source 
Common brushtail 
possum 















11,589 - 3.42 2018 
Female; Australian; 
genome only at 
contig level 
(Johnson et al., 
2018) 








3.2  8.56 3.16 2017 Female; Australian; extinct since 1936 
(Feigin et al., 
2018) 
Tasmanian devil  












































reference the older 














2.6 41.8 2.9 2009 
Female; Australian; 
first Australian 
marsupial to have 
genome sequenced 


































2 CHAPTER TWO: MATERIALS AND METHODS 
2.1 Primer design and storage 
Primers were designed using the Primer3 web application (https://bioinfo.ut.ee/primer3/), with 
optimum design parameters for primer size (24 bp) and annealing temperature (62°C) selected. 
Maximum difference in annealing temperatures between primer pairs was set to <2°C. Runs of a 
single nucleotide for more than 3 bases, or >3 G or C nucleotides in the five most 3’ nucleotides was 
not allowed.  
 
To allow the primers to be easily sequenced via both Sanger sequencing and on the iSeq, “Lange 
handle” sequences were added to the 5’ ends of the primers (Supplementary Figure 1). “Lange 
handle” primers are made up of two main components: (1) a sequence specific target that is 
complementary to the start of the loci that is to be amplified; (2) the Lange handle, a sequence of 
DNA that is placed on the 5’ end of the target specific sequence that matches the 3’ end of the Illumina 
adapter. The “Lange handle” sequences within the primer sequences are italicised in Table 2.1 and 
Table 2.2.  
 
The primer sequences used to amplify DNA regions surrounding SNPs in known mammalian 
imprinted genes were as follows:  













































The primers sequences used to amplify DNA regions surrounding SNPs in suspected imprinted genes 
in possums are in the following table:  























































The lysophilised primer oligos were diluted in 1x TE buffer to make a 100 µM stock solution to be 
stored at -20°C. The working solution was made by diluting the stock solution by 1:10 in MilliQ 
water to give a working concentration of 10 µM.  
 
2.2 Polymerase chain reaction 
Polymerase chain reaction (PCR) was used to amplify target regions for both Sanger sequencing and 
amplicon sequencing. Two successive rounds of PCR were conducted to prepare amplicons for 
sequencing. In the first round, which lasted for 27 cycles, sequence specific primers were used to 
amplify target regions of DNA surrounding a SNP. The second round lasted 5 cycles and added 
unique and specific index adapters (Supplementary Table 1, Supplementary Table 2) that allowed the 
amplicons to be identified post-sequencing. When samples were to undergo Sanger sequencing, just 
one round of PCR was conducted that lasted for 30 cycles as the indexes were not needed.  
 
All primers were tested at an initial annealing temperature of 62°C, which was set as the optimum 
temperature during the primer design. For those primers that did not work at this annealing 
temperature, a gradient PCR was conducted for optimisation. Here, identical samples were put on 
different columns in the thermocycler, which subjected the samples to the same conditions with the 
exception of the annealing temperature, which was at 55.3°C, 58.3°C, 61.8°C, and 64.9°C.  
 
2.2.1 Thermal cycling parameters 
The PCRs were conducted using the Phusion® High-Fidelity (HF) DNA Polymerase protocol 
following the manufacturer’s instructions. The components of the reaction are listed in Table 2.3. To 
amplify regions of the DNA that would be later sequenced by Sanger sequencing, the thermal cycling 
parameters used were:  
● 98°C for 30 seconds, 30x (98°C for 10 seconds, 62°C (or gradient) for 20 seconds, 72°C for 
15 seconds), 72°C for 2 minutes, 4°C for infinite  
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To amplify regions that would be later sequencing for amplicon sequencing on the iSeq, the thermal 
cycling parameters used were: 
● 98°C for 30 seconds, 27x (98°C for 10 seconds, 62°C (or gradient) for 20 seconds, 72°C for 
15 seconds), 72°C for 2 minutes, 4°C for infinite*, 98°C for 30 seconds, 5x (98°C for 10 
seconds, 62°C (or gradient) for 20 seconds, 72°C for 15 seconds), 72°C for 2 minutes, 4°C 
for infinite 
* The index adapters were added at this step.  
 
Table 2.3. Phusion polymerase chain reaction components 
Phusion (Finnzyme/NEB) 
Reagent Concentration Amount in 20 μL reaction with ~50 ng/µL input DNA 
5X Phusion HF Buffer 1X 4 μL 
dNTPs (stock with 1.25 mM 
each) 200 µM (of each) 3.2 μL 
Primer (forward) 10 µM 1 μL 
Primer (reverse) 10 µM 1 μL 
Template DNA/TNA - 1 μL 
Taq (Phusion) enzyme 0.02 units/μL 0.2 μL 
MilliQ H2O 50X 9.6 μL 
Total - 20 μL 
Index concentrations 
Forward priming index (FPI) 10 µM 1 μL 
Reverse priming index (RPI) 10 µM  1 μL 
 
2.3 Gel electrophoresis 
Agarose gels were made at 1% or 2% weight/volume in a TAE (Tris/Acetate/EDTA) buffer solution. 
GelRed® was added at a concentration of 1/20,000 in order to visualise DNA and RNA fragments 
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under ultraviolet (UV) light. The DNA or RNA fragments were loaded into the wells of the gel 
alongside a 1 kb or 100 bp DNA ladder (Supplementary Figure 2) and ran at 120V for 30 minutes. 
Fragments on the gel were visualised and photographed using a UV transilluminator.  
 
2.4 Identification and confirmation of SNPs  
To identify candidate imprinted genes in the brushtail possum, a list of putative SNPs in Sandy's 
genome (produced by Dr Oscar Ortega, as a part of the possum genome project) was taken, and 
assessed for evidence of monoallelic gene expression. SNPs were considered to have monoallelic 
expression if they had more than 80% of the alternate allele expressed with more than 10 calls at that 
position on the genome in each tissue. These SNPs were then summarised into a table annotated with 
the gene they were located within or next to (Table 3.2). Each putative monoallelically expressed 
SNP was then examined closely for technical artefacts that might explain their unique expression 
pattern using the Integrative Genomics Viewer (IGV) (https://www.nature.com/articles/nbt.1754). 
One SNP within each of these genes was selected and primers were then designed in order to amplify 
the regions surrounding the SNPs from genomic DNA.  
 
2.5 Possum euthanasia, dissection, and tissue storage 
While resources previously gathered for the purpose of the possum genome project gave me an ideal 
start for identifying genomic imprinting in possum, to maximise my chances of detecting novel 
imprinted genes, I also collected tissues from additional pouch young and their mothers, from which 
RNA-sequencing libraries were constructed (Table 2.4). The possum tissue from which this was 
undertaken came from possums trapped or held in captivity, and then euthanised as a part of another 
study on possum germ cells.  
 
All experimentation and husbandry was approved by the University of Otago Animal Ethics 
Committee (AUP-20-10). Briefly, pouch young were taken from the pouches of their deceased 
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mothers and assessed for age by looking at the head length (Supplementary Figure 3), and sex by 
looking at the gonads. Sex was not able to be determined some of the youngest possums, as while the 
gonads develop perinatally (Ullmann, 1993), the scrotum does not usually become visible until about 
10 days after birth. Pouch young were euthanised by intraperitoneal injection of pentobarbitone (100-
150 mg/kg). Once there were no signs of life, a bilateral thoracotomy was performed to ensure death. 
From here, I performed a laparotomy in order to dissect out the liver and one or both kidneys. 
Following this, the possum was turned onto its front and the head was cut open sagittally, allowing 
the brain to be extracted. Dissected tissues were placed into individual 2 mL tubes filled with 
RNAlater® Solution to stabilise and protect any RNA. The tubes were refrigerated overnight at 4°C 
to allow the RNAlater® Solution to invade the tissue, before being transferred to a -80°C freezer for 
storage. There were 13 brushtail possum pouch young samples dissected over the course of this 
research project.  
 
Table 2.4. Table of brushtail possum samples used in this project 
Samples from 2018 and 2020 were collected by other members of the Hore laboratory. dpp, days postpartum (after birth).  
Sample ID Name 
Date 
collected 
Sex Estimated age Tissues collected 
Sandy Sandy 17/05/18 M 26 dpp 13 tissues 
Sheila Sheila 17/05/18 F Juvenile 13 tissues 
Puku  Puku 17/05/18 F Adult 13 tissues 
01 12320.MR.SDR1 12/03/20 M Adult Liver 
02 12320.MB.SDR2 12/03/20 M Adult Liver 
03 13320.MB.SDR1 13/03/20 M Adult Liver 
04 17320.FR.SDR1 17/03/20 F Adult Liver 
05 19320.MR.WSG1 19/03/20 M Adult Liver 
06 19320.FG.WSG2 19/03/20 F Adult Liver 
07 19320.MJ.WSG2.1 19/03/20 M Pouch young Liver 
08 280520PY01 28/05/20 M 69 dpp Liver 
09 290520PY01 29/05/20 M 45 dpp Liver 
10 03620FG.WSG1 03/06/20 F Adult Liver 
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11 030620PY01 03/06/20 F 74 dpp Liver 
12 10620MGBB1 10/06/20 M Adult Liver 
13 16620MGSDR1 16/06/20 M Adult Liver 
14 25620FGWSG1 25/06/20 F Adult Liver 
15 25620MGWSG1.1 25/06/20 M Juvenile Liver 
16 3720FGSDR1 03/07/20 F Adult Liver 
17 030720PY01 03/07/20 F 84 dpp Liver 
18 14720FGBB1 14/07/20 F Adult Liver 
19 140720PY01 14/07/20 M 102 dpp Liver 
20 15720FRBB1 15/07/20 F Adult Liver 
21 150720PY01 15/07/20 F 99 dpp Liver 
22 15720MGBB2 15/07/20 M Adult Liver 
1B/K/L 190521PY01 19/05/21 ? 9 dpp Brain; kidney; liver 
2B/K/L 190521PY02 19/05/21 F 14 dpp Brain; kidney; liver 
3B/K/L 190521PY03 19/05/21 F 17 dpp Brain; kidney; liver 
4B/K/L 190521PY04 19/05/21 M 42 dpp Brain; kidney; liver 
5B/K/L 210521PY01 21/05/21 M 41 dpp Brain; kidney; liver 
6B/K/L 250521PY01 25/05/21 ? 15 dpp Brain; kidney; liver 
7B/K/L 270521PY01 27/05/21 ? 10 dpp Brain; kidney; liver 
8B/K/L 280521PY01 28/05/21 M 38 dpp Brain; kidney; liver 
9B/K/L 280521PY02 28/05/21 ? Pouch young Brain; kidney; liver 
10B/K/L 090621PY01 09/06/21 M 85 dpp Brain; kidney; liver 
11B/K/L 180621PY01 18/06/21 F 72 dpp Brain; kidney; liver 
12B/K/L 250621PY01 25/06/21 F 46 dpp Brain; kidney; liver 
13B/K/L 250621PY02 25/06/21 M 62 dpp Brain; kidney; liver 
 
2.6 TNA extraction 
Total nucleic acid (TNA), consisting of DNA and RNA, was extracted from the dissected possum 
livers using the BOMB.bio approach (Oberacker et al., 2019). For each liver, an approximately 30 
mg 'lentil-sized' piece of the tissue was sliced off and placed into a tube with 200 μL of TNES buffer 
(100 mM Tris, 10 mM EDTA, 25 mM NaCl) and 5 μL of Proteinase K enzyme. Following overnight 
digestion at 55°C, 20 μL of lysate was added to 40 μL of 1.5X guanidinium isothiocyanate (GITC) 
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buffer and mixed by pipetting until homogenous. Then, 40 μL of diluted magnetic beads in TE buffer 
was added and mixed by pipetting until homogenous. 80 μL of isopropanol was added, mixed until 
homogenous, and incubated at room temperature for one minute to allow the TNA to bind the beads. 
The tubes were placed into a magnetic rack and the supernatant was discarded. Residual GITC was 
removed by washing the samples with 150 μL of isopropanol while still on the magnetic rack. This 
was followed up by two washes of the samples with 200 μL of 70% ethanol. After removing the 
ethanol supernatant, residual ethanol was allowed to evaporate for five minutes before the beads were 
removed from the magnetic rack and resuspended in 33 μL of MilliQ® H2O. The tubes were once 
again returned to the magnetic rack and 30 μL of the supernatant, containing the TNA, was transferred 
to a new tube. The integrity of the TNA was checked using a 1% agarose gel electrophoresis. From 
the gel image, I chose the two samples that seemed to have the highest concentration of TNA, the 
two that seemed to have the lowest, and then two mid-range samples to quantify on a Qubit 
spectrophotometer to give myself a working range of TNA concentrations to determine the input 
needed for PCR. The extracted TNA was then refrigerated at 5°C for storage.  
 
2.7 TRIzol RNA extraction 
Total RNA was extracted from the dissected tissues following the method set out in the Invitrogen 
TRIzol Reagent protocol. Briefly, a 50-100 mg slice of tissue was cut and homogenised in 1 mL of 
TRIzol reagent with a scalpel and a homogeniser. Lysates were stored at -20°C prior to final 
purification whereby they were thawed and centrifuged for 5 minutes at 12,000 x g at 4°C, with the 
supernatant being transferred to a new tube and incubated at room temperature for 5 minutes. Then, 
0.2 mL of chloroform was added to each lysate, the tubes inverted fifteen times and incubated at room 
temperature for 3 minutes. The samples were then centrifuged for 15 minutes at 12,000 x g at 4°C, 
allowing the mixture to separate into an upper aqueous phase containing the RNA, an interphase, and 
a lower red-coloured phenol-chloroform phase. 0.5 mL of the aqueous phase was transferred to a new 
tube for each sample. To precipitate the RNA, 0.5 mL of isopropanol was added to each sample and 
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inverted five times to mix. Following a 10 minute incubation at room temperature, the samples were 
centrifuged for a further 10 minutes at 12,000 x g at 4°C. The total RNA could then be seen as a pellet 
at the bottom of the tubes and the supernatant could be discarded. To wash the RNA, the pellet was 
resuspended in 1 mL of 75% ethanol and vortexed briefly. The samples were then centrifuged for 5 
minutes at 7500 x g at 4°C, with the supernatant then discarded. The resulting pellet was air-dried for 
10 minutes, or until any remaining visible ethanol had evaporated, and then resuspended in 30 μL of 
RNase-free water. To prevent any RNase action, 0.3 μL of RNase Inhibitor (Applied Biosystems, 
N8080119) was added to each sample. The samples were then incubated on a heat block at 60°C for 
15 minutes before being quantified on a NanoDrop to determine the RNA yield.  
 
2.8 DNase treatment of RNA 
The RNA underwent a routine DNase treatment using the Invitrogen TURBO DNA-free Kit 
according to manufacturer's instructions. Briefly, 1.5 μL of 10X TURBO DNase Buffer, 1 μL of the 
TURBO DNase enzyme, and 2.5 μL of MilliQ water was added to 10 μL of purified total RNA and 
incubated at 37°C for 30 minutes. To remove the DNase enzyme, 2 μL of resuspended DNase 
Inactivation Reagent was added to each sample and incubated at room temperature for 5 minutes. 
Samples were centrifuged at 10,000 x g for 1.5 minutes, allowing the DNase Inactivation Reagent 
with the DNase enzyme to be pelleted at the bottom of the tube. 14 μL of the supernatant was 
transferred to a new tube and the samples were re-quantified using the Qubit spectrophotometer to 
determine total RNA concentration.  
 
2.9 mRNA library construction  
To construct RNA-sequencing libraries from purified, DNAse treated RNA, I followed the NEBNext 
Poly(A) mRNA Magnetic Isolation Module (NEB #E7490) protocol in essence, however, this was 
reduced to 1/4 to maximise reagents. This procedure follows 3 steps; creation of fragmented 




2.9.1 cDNA preparation 
Following preparation of First Strand Reaction Buffer and Random Primers (Table 2.5), 250 ng of 
RNA input was diluted with nuclease-free water to a total of 12.5 μL per sample in a 0.2 mL PCR 
tube. 5 μL of Oligo dT (dT)25 beads were washed 3 times using a magnetic rack and 25 μL of RNA 
Binding Buffer (2X). Washed beads were resuspended in 12.5 μL of RNA Binding Buffer (2X) and 
added to each diluted RNA sample before being placed in a thermal cycler for 5 minutes at 65°C and 
cooled to 4°C with the lid set to 75°C. This allowed the RNA to denature, helping the mRNA to bind 
to the beads. After mixing and incubation at room temperature for 5 minutes, the RNA-bead complex 
was immobilised on a magnetic rack and the supernatant discarded, before 2x steps of washing in 50 
μL of Wash Buffer. RNA was eluted off the beads in 12.5 μL of Tris Buffer solution and placed back 
in the thermal cycler at 80°C for 2 minutes. 12.5 μL of RNA Binding Buffer (2X) was added to each 
sample to facilitate rebinding of mRNA to beads, before being left to incubate at room temperature 
for 5 minutes. The tubes were placed back onto the magnetic racks and the supernatant was discarded. 
Once taken off the racks, 50 μL of Wash Buffer was added to each sample, mixed thoroughly and 
spun down to prevent carryover of any remaining Wash Buffer on the walls of the tubes. The samples 
were placed back onto the magnetic racks and the supernatant was discarded, leaving just the beads 
attached to the mRNA. Once the tubes were off the racks, 2.9 μL of the First Strand Synthesis 
Reaction Buffer and Random Primer Mix that had been earlier prepared was added to elute the mRNA 
off the beads. To fragment the mRNA, the samples were placed into the thermal cycler at 94°C for 
12 minutes with the lid temperature set to 105°C before being immediately put on ice. The tubes were 
quickly spun down on a tabletop mini centrifuge and then placed into the magnetic racks. The 





Table 2.5. First Strand Reaction Buffer and Random Primer Mix 
Component Volume per sample 
NEBNext First Strand Synthesis Reaction Buffer 2 μL 
NEBNext Random Primers 0.5 μL 
Nuclease-free water 2.5 μL 
Total volume per sample 5 μL 
 
The next step in preparing the mRNA libraries was the First Strand cDNA synthesis. On ice, the First 
Strand cDNA synthesis reaction was prepared and mixed thoroughly (Table 2.6). The samples were 
placed into the thermal cycler with the lid temperature set to 80°C using the following parameters:  
● 25°C for 10 minutes; 42°C for 15 minutes; 70°C for 15 minutes; 4°C hold 
Table 2.6. First Strand cDNA Synthesis Reaction 
Component Volume per sample 
NEBNext Strand Specificity Reagent 2 μL 
NEBNext First Strand Synthesis Enzyme Mix 0.5 μL 
Prepared fragmented and primed RNA 2.5 μL 
Total volume per sample 5 μL 
 
After this was complete, the Second Strand cDNA synthesis reaction (Table 2.7) was prepared on ice 
and mixed thoroughly. The tubes were then incubated in the thermal cycler at 16°C for one hour with 
the heated lid turned off.  
Table 2.7. Second Strand Synthesis Reaction 
Component Volume per sample 
First-Strand Synthesis Product 5 μL 
NEBNext Second Strand Synthesis Reaction Buffer with dUTP Mix 
(10X) 
2 μL 
NEBNext Second Strand Synthesis Enzyme Mix 1 μL 
Nuclease-free water 12 μL 
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Total volume per sample 20 μL 
 
Resuspended NEXTFLEX® Cleanup Beads XP were then used to purify the cDNA. 36 μL of the 
clean-up beads were added to each sample and mixed well before being incubated at room 
temperature for 5 minutes to allow the cDNA to bind. The tubes were placed into a magnetic rack 
and the supernatant was discarded. 50 μL of fresh, 80% ethanol was added to the tubes while still in 
the rack. After 30 seconds, the supernatant was discarded and the ethanol wash was repeated. After 
the supernatant was removed, the tubes were removed from the magnetic rack and air dried for 5 
minutes with the tube lids open. The DNA was eluted from the beads using 13.25 μL of 0.1X TE 
Buffer and mixed well. After 2 minutes incubation at room temperature, the tubes were placed back 
on the magnetic rack and 12.5 μL of the supernatant containing the purified cDNA was transferred 
to new 0.2 mL PCR tubes. To complete the End Prep of the cDNA libraries, the end prep reaction 
was prepared on ice (Table 2.8). The tubes were then incubated in the thermal cycler at 20°C for 30 
minutes, 65°C for 30 minutes, and held at 4°C, with the lid temperature set to 75°C.  
Table 2.8. End Prep Reaction 
Component Volume per sample 
Second Strand cDNA Synthesis Product 12.5 μL 
NEBNext Ultra II End Prep Reaction Buffer 1.75 μL 
NEBNext Ultra II End Prep Enzyme Mix 0.75 μL 
Total volume per sample 15 μL 
 
2.9.2 Adapter ligation 
The next step in the mRNA library construction was ligating the adapters. 6.5 µM adapters from the 
NEXTFLEX® Rapid Directional RNA-Seq Kit were used at a 1:1 dilution of adapter to MilliQ H2O 
(Supplementary Table 3). The ligation reaction mix was prepared on ice and mixed thoroughly (Table 
2.9). To allow for pooling of the samples prior to sequencing, a unique adapter barcode was used for 
each sample. The samples were incubated at 20°C for 15 minutes in the thermal cycler with the heated 
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lid turned off to allow the adapters to bind. Then, 0.75 μL of USER Enzyme was added to the ligation 
mix and mixed well before being placed back into the thermal cycler at 37°C for a further 15 minutes 
with the heated lid turned off. This step allowed for the excision of a uracil residue to re-linearise the 
cDNA.  
Table 2.9. Ligation Reaction  
Component Volume per sample 
End Prepped cDNA 15 μL 
1:1 Diluted NEXTFLEX® RNA-Seq 2.0 Unique Dual Index 
Barcodes  
0.625 μL 
NEBNext Ligation Enhancer 0.25 μL 
NEBNext Ultra II Ligation Master Mix 7.5 μL 
Total volume per sample 23.375 μL  
 
To purify the ligation reaction, 21.75 μL of resuspended NEXTFLEX® Cleanup Beads XP was added 
to each sample and left to incubate at room temperature for 10 minutes. The tubes were placed onto 
a magnetic rack and the supernatant containing unwanted fragments was discarded. While still on the 
rack, 50 μL of fresh 80% ethanol was added to each tube and left for 30 seconds before the supernatant 
was removed. This ethanol wash step was repeated and the tubes were spun down to remove any 
residual ethanol from the sides of the tubes, which was then pipetted out. The tubes were left to air 
dry with their lids open on the magnetic racks for 5 minutes before being removed. The cDNA was 
eluted from the beads using 4.25 μL of 0.1X TE Buffer per tube and mixed well. The tubes were 
placed back onto the magnetic rack and 3.75 μL of the supernatant was transferred to a new, 0.2 mL 
PCR tube.  
 
2.9.3 Polymerase chain reaction (PCR) 
The final step of the mRNA library construction was the PCR amplification and enrichment of the 
adapter ligated cDNA. A PCR reaction mix was set up on ice and mixed thoroughly (Table 2.10). 
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The samples were placed in the thermal cycler with the lid temperature set to 105°C using the 
following parameters: 
● 98°C for 30 seconds; 11x (98°C for 10 seconds; 65°C for 75 seconds); 65°C for 5 minutes; 
4°C hold 
Table 2.10. Final PCR mix 
Component Volume per sample 
Adapter ligated cDNA 3.75 μL  
NEBNext Ultra II Q5 Master Mix 6.25 μL 
NEXTFLEX® RNAseq Primer Mix 2.0 (50 uM) 0.5 μL 
Nuclease-free water 2 μL 
Total volume per sample 12.5 μL 
 
To purify the PCR reaction, 11.25 μL of PEG-diluted magnetic solid-phase reversible immobilisation 
(SPRI) beads (DeAngelis et al., 1995) was added to each sample and mixed well before being 
incubated at room temperature for 5 minutes. The tubes were placed onto a magnetic rack and the 
supernatant containing unwanted fragments was discarded. While still on the rack, 50 μL of fresh 
80% ethanol was added to each tube and left for 30 seconds before the supernatant was removed. 
This ethanol wash step was repeated for a total of two washes. While remaining on the magnetic rack, 
the lids of the tubes were opened and left to air dry for 5 minutes at room temperature. They were 
then removed from the rack and eluted into 5.75 μL of 0.1X TE Buffer and mixed well. The tubes 
were placed back onto a magnetic rack and 5 μL of the clear supernatant, containing the library, was 
transferred to a new, 0.2 mL PCR tube. 1 μL of each sample was then loaded into a 1% agarose gel 
and run for 30 minutes at 120 V to assess the quality of each library. Excess adapter bands meant that 
further clean-up would be necessary, so the libraries considered to be good quality were pooled and 




2.10 Gel extraction 
Gel extraction was needed in occasions following both PCR and RNA library construction where 
noticeable bands of adapter, primer, primer-dimer, dNTPs, or other small molecules could be seen 
running at the bottom of the gel following gel electrophoresis. The samples were pooled together and 
run alongside a DNA ladder in gel electrophoresis. The gel was placed under UV light in the 
transilluminator where the GelRed in the gel fluoresces after binding to the nucleic acids. Using a 
scalpel, the desired DNA or RNA fragment was cut out of the gel under the UV light and then 
weighed. Extraction and purification of the DNA or RNA from the gel section was then carried out 
following the manufacturer’s instructions laid out in the QIAGEN QIAquick Gel Extraction Kit.  
 
2.11 Sequencing 
2.11.1 Sanger sequencing 
Sanger sequencing was used to verify the location of SNPs in known imprinted genes to assess the 
effectiveness of the bioinformatic pipeline used to find SNPs in candidate imprinted genes in the 
brushtail possum. To prepare for sequencing, samples were cleaned using magnetic beads suspended 
in a polyethylene glycol (PEG) solution (DeAngelis et al., 1995). The PCR products were mixed with 
the PEG-diluted beads at a ratio of 1:1 and incubated at room temperature for 3 minutes to allow for 
DNA capture by the beads. Samples were then placed onto a magnetic rack and the supernatant 
discarded. The samples were twice washed with 70% ethanol before being taken off the magnetic 
rack and eluted into MilliQ® water. Following clean-up, 1 ng of DNA per 100 base pairs of template 
sequence was combined with 3.6 µM of the relevant primer, made up to 5 μL reaction with MilliQ® 
water. The samples were sequenced at the University of Otago’s Genetic Analysis Service using the 
BigDye™ Terminator v3.1 Cycle Sequencing Kit. Sanger sequencing chromatograms were viewed 




2.11.2 Illumina iSeq 
Amplicons for regions in candidate imprinted genes were sequenced using the Illumina iSeq 100 
System with the iSeq i1 Reagent kit (Illumina, 20031371), allowing for rapid sequencing of pooled 
amplicons in multiplex. One day prior to sequencing, the iSeq cartridges were moved from a -80°C 
freezer to a -20°C freezer. Six hours prior to sequencing, the same cartridges were moved from the -
20°C freezer, to a 25°C water bath to thaw. Flow cells were moved from their storage at -20°C to a 
5°C fridge on the day of sequencing. The Illumina resuspension buffer (RSB) was taken out of the -
20°C freezer to thaw.  
 
The samples were cleaned up using gel extraction to remove any unwanted small sequences, and 
diluted to 1 nM in RSB. The 1 nM samples were then diluted to the loading concentration of 50 pM 
by combining 5 μL of the 1 nM libraries with 95 uL of RSB. The samples were vortexed briefly, 
centrifuged at 280 x g for 1 minute, and placed on ice. Before being loaded, the flow cell and cartridge 
were opened and prepared according to the Illumina iSeq 100 User Guide. The samples and flow cell 
were then loaded into the cartridge, which was then loaded into the instrument, ready to begin 
sequencing.  
 
2.11.3 RNA sequencing 
The individual RNA library samples were pooled and quantified using the Qubit® dsDNA HS Assay 
Kit following the manufacturer’s instructions. The pooled RNA libraries were diluted to 1 ng/μL, 
before being sent to the Otago Genomic Facility (OGF). Here, the samples were first sequenced by 
OGF on the Illumina MiSeq machine where they underwent quality control. They then proceeded to 





A bioinformatics pipeline was developed in order to analyse the large quantity of RNA sequencing 
data and amplicon sequencing data that was gathered. Bioinformatics for the amplicon sequencing 
was conducted using UNIX command line and RStudio. Bioinformatics for the RNA sequencing data 
was largely conducted using Galaxy (usegalaxy.org), an open-source, online bioinformatics tool, as 
well as RStudio. Graphs were produced using Microsoft Excel.  
 
2.12.1 Amplicon sequencing data analysis 
2.12.1.1 Trimming reads 
Sequencing files from the iSeq came in the form of paired-end .fastq.gz files, a compressed 
version of FASTQ files. To convert .fastq.gz to .fastq, the following command was entered 
into the UNIX command line after setting the working directory to the folder that contained the files:  
gunzip *gz 
 
Next, TrimGalore! software was used to remove adapters and low quality sequences from the output 
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/). TrimGalore! is a tool that 
automates quality and adapter trimming for reads with Illumina standard adapters. Adapters are 
required for sequencing of the amplicons but it is ideal to remove them prior to bioinformatic analysis 
to take out the non-genomic sequences from the analysis. The following command was entered into 
the UNIX command line setting the working directory to the folder that contained all the files: 
/Users/horelab/TrimGalore/trim_galore -q 20 --path_to_cutadapt 
/Users/horelab/TrimGalore/cutadapt *fastq  
 
2.12.1.2 Extracting the SNP and graph production 
A custom RScript was created to show the allele at each SNP site that I was interested in (Table 2.11). 
The script extracted the reads from the trimmed .fq file, filtered them by size to remove short reads, 
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and then filtered them by the sequence directly downstream of the SNP site of interest. The base 
directly upstream of the downstream region was read and graphed on Microsoft Excel to give a 
visualisation of the alleles at the SNP site.  
Table 2.11. RScript to extract and graph SNPs from trimmed .fq files 
#Quantify for SNP X# 
file.pipe <- pipe("awk 'BEGIN{i=0}{i++;if (i%4==2) print $1}' < 
file_trimmed.fq ") 
reads <- readLines(file.pipe) 
reads 
 
#Filter out the short reads# 
Long.reads <- reads[str_length(reads) > 70] 
Long.reads 
 
#Filter on internal sequence next to SNP# 
long.reads <- reads[grepl("downstream_sequence", reads)] 
long.reads 
 
#Find region immediately downstream of SNP# 
SNP.pos <- str_locate(long.reads, "downstream_sequence") 
 
#Report position of SNP relative to region downstream# 
SNP.pos <- SNP.pos[,1]-1 
 
#Extract the SNP# 
SNP <- str_sub(long.reads, SNP.pos,SNP.pos) 
 




When examining the same SNP in multiple individuals, a custom RScript loop was created to extract 
the alleles of the SNP across different samples. This script is the same as what is seen in Table 2.12, 




2.12.2 RNA sequencing data analysis 
2.12.2.1 Quality control and trimming 
Quality control and trimming of the RNA sequencing data was conducted using the FASTQC and 
Trimmomatic software on Galaxy. FASTQC is a quality control software developed by the 
bioinformatics team at Brabraham Institute to assess the quality of high throughput sequencing data 
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). FASTQC gives indications of the 
quality of input data, including per base and per sequence quality scores, sequence length 
distributions, overrepresented sequences, and adapter content. All samples were checked initially 
using FASTQC and then re-checked following trimming to ensure adapters and other unwanted or 
low quality sequences were successfully removed.  
 
Trimmomatic is a flexible read trimmer used specifically used for Illumina paired-end and single 
ended (FASTQ) next-generation sequencing data (Bolger et al., 2014). Two trimming steps were 
performed using Trimmomatic. This first was ILLUMINACLIP, whereby adapters and other 
Illumina-specific sequences were removed from each of the reads. The second step was 
SLIDINGWINDOW, whereby a sliding window moved along each read until the quality fell below 
a threshold, initiating a cut and discarding the remaining nucleotides from that read.  
 
2.12.2.2 Mapping the reads 
Mapping the trimmed reads was conducted using the HISAT2 software via Galaxy. HISAT2 is a fast 
and sensitive alignment program that aids in mapping next-generation sequencing reads to a reference 
genome (Kim et al., 2015). The reference genome used to align the trimmed reads was mTriVul1.pri 
(GCA_011100635.1), the most up-to-date genome sequence for the brushtail possum, giving the 
output in the form of a .bam file. Using Samtools (H. Li et al., 2009), .bam files were converted to 




2.12.2.3 Graph production 
A custom R-script loop (Table 2.12) was created to make graphs that would show the allele at each 
SNP site I was interested in. The script filtered the reads of the .sam file by the sequence directly 
downstream of each SNP. For all the reads in each sample, it then created a table of the single base 
directly upstream of that downstream sequence. From here, I transferred the data into Microsoft 
Excel, where bar plots were made.  
 
Table 2.12. RScript loop to extract and graph SNPs from .sam files  
#Find Individuals of interest in working directory# 
ind.fq.list <- list.files(path = ".", pattern = ".sam") 
ind.fq.list 
 
#The "i" loop reads in each individual#  
 
for (i in ind.fq.list){ 
   
  reads <- readLines(i) 
   
  #Filter on internal sequence next to SNP# 
  long.reads <- reads[grepl("downstream_sequence", reads)] 
   
  #Find region immediately downstream of SNP# 
  SNP.pos <- str_locate(long.reads, "downstream_sequence") 
   
  #Report position of SNP relative to region downstream# 
  SNP.pos <- SNP.pos[,1]-1 
   
  #Extract the SNP# 
  SNP <- str_sub(long.reads, SNP.pos,SNP.pos) 
   
  #Table the SNP# 
  table(SNP) 
  data <- table(SNP) 
  print(i) 
  print(data) 






3 CHAPTER THREE: RESULTS 
The aim of this research project was to identify genomic imprinting in a novel marsupial model, the 
brushtail possum. Enabling this project was sequencing of the first brushtail possum by the Vertebrate 
Genome Pipeline (New York, USA) in collaboration with the Hore and Gemmell laboratories 
(Dunedin, New Zealand) in 2020. The sequenced individual, 'Sandy', was a male pouch young (26 
days old) whose genome was sequenced to 60.73x coverage, allowing a comprehensive list of single 
nucleotide polymorphisms (SNPs) to be produced throughout the genome by Hore laboratory 
member, Dr Oscar Ortega. Using this, and transcriptomes from 13 of Sandy's tissues (produced by 
Dr Donna Bond, also from the Hore laboratory), I began assessing if genomic imprinting exists in 
Sandy, before validating this in multiple other individuals.   
 
3.1 Testing known mammalian imprinted genes in Sandy 
In order to assess if genomic imprinting exists in possum, I first used a candidate approach based on 
genes known to be imprinted in other marsupial species (Stringer et al., 2014). By manually scanning 
through these imprinted gene orthologues in possum using the IGV browser, I was able to identify 
14 SNPs within 3 putative imprinted genes (IGF2R, MEST, PEG10). No SNPs were able to be 
identified within H19, IGF2, HTR2A, INS, or L3MBTL in Sandy’s genome. 5 of these 14 SNPs were 
then selected to be verified via amplicon sequencing (Table 3.1).  
Table 3.1. SNPs identified in Sandy within  known mammalian imprinted genes  
Gene name Reference allele Alternate allele Position 
IGF2R A G chr7:94900327 
MEST G C chr5:117732760 
MEST A G chr5:117732852 
PEG10 G A chr5:382927 




3.1.1 PCR optimisation of the primers for known mammalian imprinted genes  
In order to confirm that putative SNPs identified in Sandy's genome were real, I first needed to 
amplify the SNP-containing region using polymerase chain reaction (PCR). Initially, I tried an 
annealing temperature of 62°C, a melting temperature commonly used in the Hore laboratory for 
primers of the lengths I used. IGF2R (chr7:94900327) and MEST_2 (chr5:117732852) amplified well 
at this annealing temperature (Figure 3.1A), showing amplicons of the expected sizes (301 bp and 
289 bp, respectively), while the other three primer sets failed. As such, a second PCR was conducted 
using a gradient annealing temperature with temperatures at 55.3°C, 58.3°C, 61.8°C, and 64.9°C 
(Figure 3.1B). MEST_1 (chr5:117732760) did not properly amplify at any of the four temperatures, 
with only a very faint and smeared band seen at 229 bp, where a clear band would be expected. In 
contrast, PEG10_1 (chr5:382927) and PEG10_2 (chr5:395092) amplified well, with a common 
temperature of 64.9°C, giving products of expected sizes (269 bp and 266 bp respectively). High 
molecular weight DNA for PEG10_1 was seen near the top of the gel at the other temperatures, which 
could be attributed to leftover DNA or non-specific amplification, causing larger sized products. Each 
PCR had a negative control with no DNA added, allowing for a comparison of where expected 
products lie relative to leftover primer and primer-dimer bands, which are very noticeable on the gel.  
 
Because of the remaining primer and primer-dimer bands seen in the gel images, clean-up was 
necessary prior to sequencing of the PCR products. I used magnetic solid-phase reversible 
immobilisation (SPRI) beads suspended in a polyethylene glycol (PEG) solution. This technique 
allows for size selection based on the ratio of PEG-diluted beads to PCR product (Supplementary 
Figure 4). A ratio of 1:1 PEG-diluted beads to PCR product was used to size select for fragments 
~250 bp and above. The PEG-diluted bead clean-up was successful in removing all the unwanted 
primer and primer-dimer from the samples (Figure 3.1C), meaning the amplicons were ready to be 





Figure 3.1. Optimisation of PCR for primers targeting regions of known mammalian imprinted genes in Sandy.  
(A) The initial 2% agarose gel electrophoresis of amplicons after one round of PCR at an annealing temperature of 62°C. Each primer 
set was tested on Sandy’s template DNA (+) alongside a no template control (-). A 100 bp ladder (M) was used as a size reference. (B) 
2% agarose gel electrophoresis of amplicons following one round of gradient PCR at four different annealing temperatures (55.3°C, 
58.3°C, 61.8°C, and 64.9°C) for the three primer pairs that did not give clear products following the initial PCR. Each primer set was 
tested on Sandy’s template DNA (+) alongside a no template control (-). A 100 bp ladder (M) was used as a size reference. (C) 2% 
agarose gel electrophoresis of amplicons following a 1.0x PEG bead clean-up to remove remaining primers, primer-dimers, and other 




3.1.2 Results of the Sanger sequencing 
 
Figure 3.2. Chromatograms of the Sanger sequencing results for the PCR products for the regions of interest in Sandy.  
(A) The A>G SNP at chr7:94900327 within IGF2R is highlighted, confirming its presence in Sandy. (B) The A>G SNP at 
chr5:117732852 within MEST is highlighted, confirming its presence in Sandy. (C) The G>A SNP at chr5:382927 within PEG10 is 
highlighted, confirming its presence in Sandy. (D) The T>C SNP at chr5:395092 within PEG10 is not seen. 
 
The results of the Sanger sequencing showed that the process to identify SNPs in Sandy was overall 
successful. Figure 3.2 shows chromatograms for each of the regions surrounding the SNP sites, which 
are highlighted in blue. Figure 3.2A shows the region surrounding the SNP at chr7:94900327 in 
IGF2R. The SNP is represented by the IUPAC nucleotide code ‘R’, which denotes an ‘A’ (adenine) 
or a ‘G’ (guanine), and a green peak and black peak of the same size at this position also demonstrates 
this. In Figure 3.2B, the ‘R’ code and green and black peaks for the SNP in MEST at chr5:117732852, 
confirms the presence of this A>G SNP in Sandy (Figure 3.2B). Similarly, Figure 3.2C shows an ‘R’ 
code as well as green and black peaks to indicate the G>A SNP at chr5:382927 in PEG10. Finally, 
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Figure 3.3D shows only a red peak with a ‘T’ (thymine) nucleotide, meaning the SNP expected at 
chr5:395092 in PEG10 could not be validated.  
 
In summary, I was able to confirm at least one SNP in IGF2R, MEST and PEG10 from within the 
DNA of the sequenced possum (Sandy). As these SNPs represent alternative alleles inherited from 
either Puku (Sandy's mother), or his unknown father, I then set about testing if these were evenly 
expressed in RNA-sequencing data.  
 
3.1.3 Allelic expression of SNPs in mammalian imprinted genes in Sandy  
To assess whether SNPs identified in Sandy show monoallelic expression, indicative of genomic 
imprinting, I examined mapped sequencing reads (i.e. .bam files) from 13 of Sandy’s tissues in IGV, 
and the relative proportions of alleles were recorded (Figure 3.3). Initially, I examined IGF2R, PEG10 
and MEST – putative imprinted genes where I had confirmed the presence of a SNP by Sanger 
sequencing.  
 
For IGF2R, while Sandy is heterozygous for the genomic allele, showing a roughly equal number of 
‘A’ and ‘G’ alleles at this site, in the tissues, the expressed allele is heavily skewed in favour of ‘G’ 
in all tissues, suggesting the ‘A’ reference allele is being silenced in favour of the alternate allele 
(Figure 3.3A). For PEG10, the SNPs identified in Table 3.1 had very low read counts, however, a 
nearby SNP (chr5:400101) showed high read count in brain and at least a few reads in most other 
tissues. Despite low read counts, expression was still heavily skewed towards the ‘T’ allele (Figure 
3.3B).  
 
In contrast to IGF2R and PEG10, I found no clear skewing towards either allele for the MEST SNP 
(chr5:117732852) in the tissues assayed (Figure 3.3C). Moreover, there was in general low expression 
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of this gene, with the highest read count of the thirteen tissues datasets being just 30 (in large 
intestine).  
 
I then went on to see if I could identify monoallelic expression in an additional candidate imprinted 
gene in Sandy. Following investigations in the South American gray short-tailed opossum, Douglas 
et al. (2014) claimed that MEIS1 is a marsupial-specific imprinted gene. I uncovered a clear SNP at 
chr3:320714976 within Sandy, and found unequivocally biallelic expression in all 13 tissues (Figure 
3.3D). Of the other imprinted genes known to be imprinted in marsupials (IGF2, H19, etc.), none 
showed polymorphisms in Sandy.   
 
 
Figure 3.3. Bar graphs showing the proportion of alleles at 4 SNP sites across 13 tissues and their genomic alleles in Sandy.  
(A) Proportion of genomic and expressed alleles at chr7:94900327 (IGF2R) in Sandy. (B) Proportion of genomic and expressed alleles 
at chr5:400101 (PEG10) in Sandy. (C) Proportion of genomic and expressed alleles at chr5:117732852 (MEST) in Sandy. (D) 
Proportion of genomic and expressed alleles at chr3:320714976 (MEIS1) in Sandy. Read counts for each allele can be seen in white 





3.2 Testing mammalian imprinted genes in a range of possums, tissues, and stages 
While my initial studies in Sandy were encouraging, basing my conclusions on Sandy alone risked 
not capturing spatiotemporal subtleties of imprinted gene expression, and also meant I was not able 
to examine all imprinted gene candidates due to insufficient SNPs. In particular, I was missing SNP 
data from two key imprinted genes, IGF2 and H19. As such, I sourced tissue from range of pouch 
young at different stages in development (Table 2.4), and constructed sequencing libraries from RNA 
purified from these tissues.  
 
3.2.1 mRNA sequencing library construction 
In order to create mRNA sequencing libraries, I purified RNA from the brain, kidney, and liver tissue 
samples of the 13 possum pouch young (Figure 3.4). After DNase treatment, the samples were 
quantified and showed a range from 200 ng/μL (samples 13K and 11K) to 25.8 ng/μL (sample 1K), 
with an average concentration of 118.6 ng/μL. Following DNase treatment to remove contaminating 
genomic DNA, I was able to use 250 ng of whole RNA as input for library construction.  
 
I attempted to make 39 RNA-sequencing libraries over four days, however, after running the finished 
libraries on a gel (Figure 3.5A), I found that many had failed. All up, 14 out of the 39 libraries did 
not give clear cDNA smears on the gel (representative of the mRNA libraries), meaning that these 
samples (1B, 1K, 3K, 4B, 8B, 8K, 8L, 9B, 9K, 9L, 10B, 11B, 12L, 13L) did not proceed to RNA 
sequencing. Of those that did work, many were still very weak on the gel, signalling low concentration 
may be a problem potentially resulting in a low read count for those samples once they had been 
sequenced. Unique adapters added to each sample meant the 25 successful libraries could be pooled 
together (Figure 3.5B) based on visual estimation of their quantity on Figure 3.5A. To remove 
residual adapter and adapter-dimer bands (i.e. discrete bands ≤ 100 bp) I undertook size selection by 
gel extraction ahead of Illumina HiSeq sequencing and analysis (Figure 3.5C). To boost the sample 
size and power of the study, I bioinformatically analysed 22 RNA sequencing datasets previously 
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sequenced by the Hore laboratory in 2020, as well as datasets from Puku and Sheila. The additionall 
22 datasets were constructed using brushtail possum liver tissue from adult, back-rider (juvenile), and 
pouch young individuals (Table 2.4).  
 
 
Figure 3.4. RNA following TRIzol extraction.  
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2% agarose gel electrophoresis of extracted RNA. Bands seen are 18S and 28S ribosomal RNA subunits. A 1 kb ladder (M) is used as 
a size reference.  
 
 
Figure 3.5. Construction of RNA libraries for three tissues of multiple brushtail possum pouch young.  
(A) 2% agarose gel electrophoresis following the RNA library construction. Libraries were constructed from samples from 13 
individuals across 3 tissues: brain (B), kidney (K), liver (L). A 1 kb ladder (M) is used as a size reference. (B) Pooled RNA libraries 
following library construction. An adapter band can be seen at < 200 bp, as well as smaller unwanted products below that. A 1 kb 
ladder (M) is used as a size reference. (C) Pooled RNA libraries post-gel extraction. The library is faint on the gel but no unwanted 
bands can be seen. The image brightness has been altered in order to show both the ladder and the pooled libraries. A 1 kb ladder (M) 




3.2.2 Analysing imprinted expression for IGF2R across a population 
As the candidate imprinted gene with the clearest signal for monoallelic expression in Sandy, I 
initially focused on IGF2R (chr7:94900327). Of the 30 datasets where there was 8 or more calls for 
IGF2R, as well as Sandy’s dataset, I found heavily biased expression of either the ‘A’ or ‘G’ allele 
(Figure 3.6). This implied that the SNP discovered in Sandy is a common variant in the possum 
population. The principles of the Hardy-Weinberg equilibrium would predict that at least some of 
these samples are heterozygous for the SNP site. Supporting this hypothesis was 'leaky' allelic 
expression for some individuals where the minor allele (i.e. A or G) was represented, albeit at very 
low rates. Nevertheless, my experiments up to this point had not definitively proven monoallelic 
expression of verified SNPs.  
 




Figure 3.6. Expressed alleles at chr7:94900327 in IGF2R.  
Proportion of alleles at the SNP site expressed in 31 brushtail possum datasets from tissues of 29 individuals. B, RNA sequencing from 
brain tissue. K, RNA sequencing from kidney tissue. L, RNA sequencing from liver tissue. RNA sequencing on samples from 2020 
without a letter are all from liver tissue. Numbers on the bars are the number of RNA sequencing reads for that allele. Samples with 




3.2.2.1 Confirming SNPs within IGF2R 
In order to confirm the alleles of suspected heterozygote samples and exclude homozygotes, total 
nucleic acid (which includes DNA) was extracted using the BOMB.bio approach (Oberacker et al., 
2019) from the 13 brushtail possum livers I dissected over the course of this project, as well as the 22 
livers dissected by the Hore laboratory in 2020.  
 
The success of the extractions was quite varied, with some samples being very faint on the gel and 
some being very strong (Figure 3.7) with concentrations ranging from 1.8 ng/µL (sample 12L)  to 
112 ng/µL (sample 13L). While I tried to normalise input DNA to the same amount (~50 ng) going 
into the PCR, this was simply not possible for the poorest samples. 
 
 
Figure 3.7. TNA extractions from 35 brushtail possum liver samples.  
1% agarose gel electrophoresis showing total nucleic acid (TNA) extracted from lysates made from liver tissue from 35 possums. The 
DNA can be seen in the upper band and the RNA is seen as the lower smear on the gel image. A 1 kb ladder (M) was used as a size 
reference.  
 
Using the same primers for IGF2R (chr7:94900327) used in Figure 3.1, a PCR was conducted on 
genomic DNA from 35 brushtail possum samples (22 samples collected in 2020 and 13 collected 
over the course of this project). As I had a large number of samples, and the Otago Sanger Service 
suddenly stopped due to a failed machine (with no clear date for reinstatement), I was forced to 
sequence in multiplex on the Illumina iSeq. Sequencing this way allowed me to pool all my samples 
together, but meant I needed to add adapters in order to identify each sample post-sequencing. This 
was done using unique index adapters that were added after 27 cycles of PCR, before programming 
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in 5 further cycles of PCR, allowing indexes to be incorporated. While this should be a robust 
procedure, I had much more trouble with these PCR experiments compared to those intended for 
Sanger sequencing (Figure 3.1).  
 
 
Figure 3.8. Amplification of the regions surrounding the SNP at chr7:94900327 IGF2R using genomic DNA from multiple 
individuals.  
(A) 2% agarose gel electrophoresis of amplicons following two rounds of PCR using primers designed for the region surrounding 
chr7:94900327 in IGF2R. The first round went for 27 cycles, after which index adapters were added prior to starting the second round, 
which lasted a further 5 cycles. The annealing temperature was set to 62°C. (B) 2% agarose gel electrophoresis of amplicons following 
two rounds of PCR for 15 samples that did not work the first time. The same cycling conditions and other conditions for PCR were 
applied. (C) 2% agarose gel electrophoresis showing the pooled amplicons following two rounds of PCR, prior to clean-up with 
noticeable unwanted primer, adapter, primer/adapter-dimer bands. (D) Pooled amplicons post-gel extraction, with no visible primer, 
adapter, primer/adapter-dimer bands.  
 
For the SNP at chr7:94900327 in IGF2R, 20 out of 35 PCRs worked initially (Figure 3.8A). After a 
second attempt, an additional 6 PCRs worked (Figure 3.8B). Heavy primer-dimer bands at ~100 bp 
can be seen in many samples, more so than when first tested on Sandy’s DNA (Figure 3.1A) and what 
is seen in the positive control lane in Figure 3.8A. Notably, each successful band seems to have a 
“shadow” surrounding them. This is expected as the adapters added after 27 cycles of PCR will be 
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incorporated into the amplicons to make them larger in size; however, not all amplicons will have 
incorporated the indexes, causing two nearby bands to form, looking like a smear, or a “shadow” on 
the gel. A negative control, with no template DNA added, was used in order to visualise the expected 
positions of the residual adapter and primer bands. Also included was alongside a positive control 
using Sandy’s DNA.  
 
The samples that showed successful PCR products on the gel were then pooled together, (Figure 
3.8C) where significant primer-dimer (~100-150 bp) and primer/adapter bands (<100 bp) could be 
seen, meaning they would need to be cleaned up prior to sequencing. The desired band was gel 
extracted and purified, eliminating the bulk of the residual primers, adapters, and primer-dimers from 
the pools, before being re-run on a gel to confirm this (Figure 3.8D). The samples were now ready to 
be sequenced in multiplex via the Illumina iSeq.  
 
3.2.2.2 Sequencing analysis of IGF2R SNPs 
In order to assess allelic status for IGF2R, I wrote a custom R script that searched through unmapped 
FASTQ sequencing files for the SNP of interest, using the immediately flanking 35 bp as a guide 
(Table 2.11). In doing this, I determined nine samples were heterozygous, using a minor allele 
frequency of 20% as a cut-off for calling a SNP, a number routinely used in the Hore laboratory for 
calling SNPs. Of these nine samples, seven had more than 8 reads at the SNP site in the RNA 
sequencing data, as well as in Sandy, who was heterozygous for this SNP (Figure 3.9A). In these 
eight samples, skewing of >90% towards a single allele was seen in the RNA sequencing data (Figure 
3.9B), a result that was significantly different to the allele proportions from the genome (p-value = 
0.0001, following a paired, one-tailed T-test). Given such a clear signal for monoallelic expression in 
all individuals I identified as having heterozygous SNPs in their genome, alongside monoallelic 





Figure 3.9. Genomic and expressed alleles for the SNP site at chr7:94900327 in IGF2R.  
(A) Out of 27 samples with successful amplicons, these seven samples were determined to be heterozygous for the A>G SNP. Sandy, 
a known heterozygote for this SNP, is also included. Read counts for the alleles are displayed over the bars. (B) The expressed alleles 
from the RNA in the livers of the eight heterozygous samples. Differences in skewing (expressed allele proportions) between (A) and 
(B) gave a p-value of 0.0001 following a paired, one-tailed T-test.  
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3.3 H19 and IGF2 
Although there were no SNPs in Sandy from the archetypal imprinted genes H19 and IGF2, given 
the success I had with IGF2R, I was encouraged to test if they also showed evidence of monoallelic 
expression in a broader set possum samples.  
 
3.3.1 H19 
By analysing all RNA-sequencing datasets on IGV, a clear SNP at chr6:282643107 could be seen for 
H19. Of those libraries with more than 8 reads over this SNP, it was notable they were all from 
individuals who were classified as pouch young or juvenile. In all 21 samples with reads, there is a 
clear preference towards either the ‘A’ or the ‘G’ allele (Figure 3.10), with the minor allele showing 
a maximum proportion of only 1.1% (sample 21).  
 
While homozygosity may explain some of the allelic bias, given that H19 is a known imprinted locus 
in other mammalian (including marsupial) species, it seems likely that this monoallelic expression is 
due to imprinting. Nevertheless, to explore this more effectively, I designed primers for the SNP and 
undertook amplicon sequencing in a similar manner to IGF2R. The first attempt at amplifying the 
region surrounding the H19 SNP saw just 10 out of 35 samples work, showing a band at 253 bp 
(Figure 3.11A). The second attempt saw a further 12 samples work (Figure 3.11B) and once they 
were pooled (Figure 3.11C) and cleaned up via gel extraction (Figure 3.11D), they were ready to be 





Figure 3.10. Expressed alleles at chr6:282643107 in H19.  
Proportion of alleles at the SNP site expressed in 21 brushtail possums datasets from tissues of 16 individuals. B, RNA sequencing 
from brain tissue. K, RNA sequencing from kidney tissue. L, RNA sequencing from liver tissue. RNA sequencing on samples from 
2018 or 2020 without a letter are all from liver tissue. Numbers on the bars are the number of RNA sequencing reads for that allele. 






Figure 3.11. Amplification of the region around chr6:282643107 in H19 using genomic DNA from multiple individuals.  
(A) 2% agarose gel electrophoresis of amplicons following two rounds of PCR using primers designed for the region surrounding 
chr6:282643107 in H19. The first round went for 27 cycles, after which index adapters were added prior to starting the second round, 
which lasted a further 5 cycles. The annealing temperature was set to 62°C. (B) 2% agarose gel electrophoresis of amplicons following 
two rounds of PCR for 15 samples that did not work the first time. The same cycling conditions and other conditions for PCR were 
applied. (C) 2% agarose gel electrophoresis showing the pooled amplicons following two rounds of PCR, prior to clean-up with 
noticeable unwanted primer, adapter, and primer/adapter-dimer bands. (D) Pooled amplicons post-gel extraction, with no visible 






Figure 3.12. Genomic and expressed alleles for the SNP site at chr6:282653107 in H19.  
(A) Out of 22 samples with successful amplicons, these five were determined to be heterozygous for the A>G SNP and had more than 
8 amplicon reads at the SNP site. Read counts for the alleles are displayed over the bars. (B) The expressed alleles from the RNA in 
the livers of the five heterozygous samples. Differences in skewing (expressed allele proportions) between (A) and (B) gave a p-value 




Following sequencing analysis, 10 samples were determined to be heterozygous (i.e. minor allele 
frequency >20%). Of these, just five had more than 8 reads overlapping the SNP site in the RNA 
sequencing data (Figure 3.12A); however, as expected, four out of five of these individuals were 
classified as pouch young or juvenile. Sample 03 is classified as an adult, but with still relatively high 
expression of H19, there is a good chance he was quite a young adult possum.  
 
All 5 samples heterozygous for H19 showed significant skewing towards expression of only one 
allele (Figure 3.12B, p-value = 0.0039; paired, one-tailed T-test). As such, I conclude H19 is 
monoallelically expressed and likely imprinted in brushtail possum.  
 
3.3.2 IGF2 
H19 is located near the IGF2 gene in mammals, and although they show an opposite direction of 
imprinted (H19 is maternally expressed, IGF2 is paternally expressed), their expression is considered 
to be co-regulated at least to some extent. To explore this imprinted gene co-regulation further, I 
examined IGF2 allelic expression.  
 
Of the 50 total RNA sequencing datasets available, 21 had more than 8 reads at a SNP site at 
chrUn_JAANDE010000037v1:11329 in IGF2. However, unlike the other imprinted genes I had 
examined thus far, IGF2 appeared to show a mixture of monoallelic and biallelic expression across 
different individuals. To make sense of this, I ordered each sample according to their developmental 
age and found those with equal expression from both alleles only existed in adult individuals (Figure 
3.13). Moreover, in juveniles and pouch young, I only ever saw monoallelic expression. While the 
genomic alleles are not known, and could not be tested due to time constraints, this seems to show 
expression switching from monoallelic to biallelic as the possum develops. As the genomic alleles 




Figure 3.13. Expressed allele in suspected heterozygotes at chrUn_JAANDE010000037v1:11329 in IGF2 with samples ordered 
by age.  
Proportion of alleles at the SNP site expressed in 20 brushtail possum datasets from 19 individuals. Samples have been ordered from 
adult (sample 01) to pouch young (sample 1L). All suspected homozygotes have been removed – this can only be determined in adults. 
B, RNA sequencing from brain tissue. L, RNA sequencing from liver tissue. ♀ indicates a female sample. ♂ indicates a male sample. 
“dpp”, days postpartum. Sex could not be determined visually in some of the youngest individuals. RNA sequencing datasets on 
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samples from 2018 or 2020 without a letter are all from liver tissue. Numbers on the bars are the number of RNA sequencing reads for 
that allele. Samples with total reads less than 8 at the SNP site were removed from the graph.  
 
3.4 Unbiased search for putative imprinted genes in the brushtail possum 
A second aim of my project was to attempt a de novo search for novel imprinted genes in Sandy. To 
do this, I was given a list of bioinformatically predicted SNPs across Sandy’s genome, courtesy of 
Dr. Oscar Ortega, a member of the Hore laboratory working on the Possum Genome Project. Oscar 
also attempted to quantify allelic expression from the 13 RNA-sequencing datasets, and in the process 
identify imprinted genes in an unbiased manner. SNPs were considered to have monoallelic 
expression if they were expressing more than 80% of the alternate allele with more than ten calls at 
that position on the genome in each of Sandy's tissue. These SNPs were then summarised into a list 
that showed which gene they were located within or next to, giving 50 genes that potentially had 
multiple SNPs with monoallelic expression across all thirteen tissues (Table 3.2). Importantly, 
featuring amongst this list was IGF2R, the gene I had already characterised to have monoallelic 
expression from Sandy and other possum individuals. Nevertheless, no other known imprinted genes 
were detected using this approach.  
 
Table 3.2. Genes found in Sandy with SNPs across 13 tissues that seem to show monoallelic expression  
Gene name Comments Score 
sigmar1.L Unrealistic read depth 0 
CG3436 Unrealistic read depth 0 
UBE2J2 Unrealistic read depth 0 
TPD52L2 Biallelic expression within gene, monoallelic 5’ UTR 0.3 
IGF2R Known mammalian imprinted gene 1 
ZNF91 Biallelic expression of flanking SNPs 0 
znf208.L Biallelic expression of flanking SNPs 0 
RNF166 Unrealistic read depth 0 
EIF3I No exonic SNPs in RNAseq data 0.1 
SLC22A12 Not great expression - hard to analyse 0.1 
LOC654275 Mix of mono-allelic and bi-allelic expression 0.5 
Hnrnpk Monoallelic expression of SNPs 0.75 
UBE2R2 Only one exonic SNP with monoallelic expression 0.4 
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Rpn1 SNPs not good quality 0 
SEC61A1 SNPs not good quality 0 
ENTR1 Biallelic in the gene, monoallelic in 3' UTR 0.4 
Efhd2 Preference in the 5' but not 3' 0.1 
NAP1L1 Monoallelic expression 3' downstream of the gene; no exonic SNPs 0.5 
Pdhb Monoallelic expression of SNPs 0.75 
maea.S All but one SNP mono-allelically expressed... 0.75 
HMGN1 Biallelic expression of flanking SNPs 0 
Lis-1 Monoallelic expression of SNPs 0.75 
NDUFB8 Monoallelic expression of SNPs 0.75 
RPL36AL Monoallelic expression but SNPs not seen in all samples 0.5 
fcf1 Monoallelic expression in all but one of the SNPs 0.5 
fam50a.L Monoallelic expression of SNPs 0.75 
NHP2 Monoallelic expression but SNPs are not all good quality 0.5 
Nemp2 Mix of monoallelic and biallelic expression 5' to the gene 0.25 
CSNK1A1 Biallelic expression of flanking SNPs 0 
ZRANB3 Very big gene - most exons show biallelic; some show monoallelic 0.1 
POLDIP2 Monoallelic expression of called SNPs; uncalled variants biallelic  0.5 
Cnih1 Some intronic SNPs show monoallelic expression; no exonic SNPs 0.5 
MRPL12 Monoallelic expression of SNPs 0.75 
CLTA No SNPs in RNA-seq data 0.1  
DDX58 Some monoallelic expression 0.5 
EEF1G Biallelic expression of flanking SNPs 0 
HMGB3 Biallelic expression of flanking SNPs 0 
IDH3B Low read depth in RNA-seq data 0.1 
MAX Monoallelic 5’ upstream of gene, no good quality exonic SNPs 0.5 
NDUFA13 No SNPs in RNA-seq data 0.1 
NDUFS5 Monoallelic expression of SNPs 0.75 
PRMT11 Monoallelic expression of SNPs  0.75 
RNMT No good quality SNPs 0.1 
Rpl18 No SNPs in RNAseq data 0.1 
Rpl5 No SNPs in RNAseq data 0.1 
TMEM59 Biallelic expression of flanking SNPs 0 
trmt112 Monoallelic expression of SNPs 0.75 
ube2d3 Monoallelic expression of SNPs 0.75 
ZNF410 No SNPs in RNAseq data 0.2 
PSMD10 Monoallelic expression of SNPs 0.75 
 
There was simply not enough time in this project to experimentally validate all of these candidate 
imprinted genes, so I initially triaged this list of 50 using manual searches in the IGV browser of the 
SNPs in genomic and RNA-sequencing datasets. Many candidate SNPs were discarded because 
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flanking SNPs within the same gene were expressed biallelically, or SNP proportions in the genomic 
DNA were skewed, or there was unrealistically high read-depth. After an initial triage, I was left with 
12 candidate imprinted genes.   
Table 3.3. Top candidate imprinted genes 
Gene name Reference allele Alternate allele Position 
Hnrnpk T C chr2:82107123 
Pdhb T C chr1:246172046 
maea.S T G chr4:320564557 
Lis-1 C A chr4:76215355 
NDUFB8 C T chr1:332190588 
fam50a.L T C chr3:23892313 
MRPL12 C A chr1:560732005 
NDUFS5 C G chr1:539267861 
PRMT11 T C chr6:134642506 
trmt112 A G chr1:236487711 
ube2d3 A G chr4:352871969 
PSMD10 A G chr4:235683762 
 
A SNP within each of these genes was selected and examined in the IGV for read count. The SNP 
quality, i.e. the ratio of reference to alternate alleles, can be seen in Figure 3.14A. I considered all the 
SNPs to be heterozygous in Sandy, however, two SNPs (in NDUFS5 and fam50a.L) did seem to show 
some skewing in the genomic alleles, but not enough to be considered homozygous. When the 
expressed alleles in all 13 tissues were added up, very significant skewing towards one allele was 
seen, indicating monoallelic expression of these SNPs (Figure 3.14B). After this analysis, primers 






Figure 3.14. Genomic and expressed alleles of SNPs in candidate imprinted genes in Sandy.  
(A) Bar chart showing the proportion of genomic alleles in the reads for 12 different SNPs in candidate imprinted genes, as well as a 
verified SNP in a known marsupial imprinted gene (IGF2R) for comparison. Read counts for the alleles are displayed over each bar. 
(B) Bar chart showing the proportion of expressed alleles in the reads from RNA-seq data for 12 different SNPs in candidate imprinted 




3.4.1 PCR optimisation of the primers for candidate imprinted genes 
 
Figure 3.15. Optimisation of PCR annealing temperatures for primers targeting regions in candidate imprinted genes.  
(A) The initial 2% agarose gel electrophoresis of amplicons after one round of PCR at an annealing temperature of 62°C. Each primer 
set was tested on Sandy’s template DNA (+) alongside a no template control (-). A 100 bp ladder (M) was used as a size reference. (B) 
2% agarose gel electrophoresis of amplicons following one round of gradient PCR at four different annealing temperatures (55.3°C, 
58.3°C, 61.8°C, and 64.9°C) for the two primer pairs that did not give clear products following the initial PCR. Each primer set was 
tested on Sandy’s template DNA (+) alongside a no template control (-). A 100 bp ladder (M) was used as a size reference.  
 
In order to confirm the SNPs identified in silico, the primers that were designed had to be optimised 
in order to create successful amplicons for sequencing. During the first PCR attempt, Sandy’s DNA 
was used for all 12 primer pairs, alongside a no template control to show the sizes of unwanted 
products, i.e. residual primer and primer-dimer bands. All the samples were held at an annealing 
temperature of 62ºC and underwent 30 cycles of PCR. After running the PCR products on a gel, all 
the samples except those run with the maea.S and trmt112 primer pairs gave clear products of the 
expected sizes (Figure 3.15A). The expected sizes were 312 bp for Hnrnpk, 222 bp for Pdhb, 284 bp 
for Lis-1, 261 bp for NDUFB8, 279 bp for fam50a.L, 247 bp for MRPL12, 314 bp for NDUFS5, 251 
bp for PRMT11, 243 bp for ube2d3, and 238 bp for PSMD10. Additionally, primer-dimer bands at 
~100-150 bp were only seen in two of the successful samples (Pdhb and MRPL12), suggesting these 




For the two primer pairs that did not work at the 62ºC annealing temperature, a gradient PCR was set 
up with annealing temperatures at 55.3ºC, 58.3ºC, 61.8ºC, and 64.9ºC to determine which temperature 
these primers worked best at (Figure 3.15B). maea.S gave the expected product of 234 bp at all four 
annealing temperatures, all stronger than the faint product seen in Figure 3.15A, it was although clear 
primer-dimer bands were seen at 100 bp. The fact that it was able to give a clear product at an 
annealing temperature 61.8ºC, a mere 0.2ºC off of what was used in the first PCR attempt, suggested 
that there was potentially another factor other than annealing temperature that caused that PCR to fail 
initially. trmt112 did not give the expected band at 255 bp at any of the four annealing temperatures, 
suggesting there might be something wrong with these primers or another factor that is causing the 
PCR to keep failing.  
 
3.4.2 Sequencing of amplicons in multiplex 
In order to sequence the amplicons in multiplex on the Illumina iSeq, unique index adapters must be 
added to each sample. The primers were designed with “Lange handles” (explained in section 2.1), 
which allowed the unique indexes to ligate to the primer sequences (Supplementary Figure 1). The 
PCRs were redone, following the slightly adapted protocol used to prepare IGF2R and H19 amplicons 
for the multiplex sequencing on the Illumina iSeq. All the samples were held at an annealing 
temperature of 62ºC, except for maea.S which had an annealing temperature of 61.8ºC to ensure its 
success. The samples went through 27 cycles of PCR, after which the unique indexes were added into 
the reaction. Then, the samples went through 5 more cycles of PCR to ensure index ligation to the 
amplicons. As mentioned earlier in section 3.2.2.1, this addition of the indexes gave the PCR products 
a “shadow” when run on the gel (Figure 3.16A) as many of the amplicons grew bigger with the second 
PCR round. All the PCRs gave products of the expected size, although this time the primer-dimer 
bands seemed to be brighter than in Figure 3.15, with all samples except NDUFS5, PRMT11, and 
PSMD10 seeing bands at ~100 bp. Interestingly, the PCR using the fam50a.L primer pair failed, 
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Figure 3.16. Amplification of regions surrounding SNPs of interest in candidate imprinted genes and preparation for 
sequencing.  
(A) 2% agarose gel electrophoresis of amplicons after two rounds of PCR. The first round went for 27 cycles, after which index adapters 
were added prior to starting the second round, which lasted a further 5 cycles. All primer pairs were held at an annealing temperature 
of 62°C, except for the pair amplifying maea.S, which was set to 61.8°C. Each primer pair was tested on a no template control (NTC), 
with no DNA added (-), and a template of Sandy’s DNA (+) to show where primer bands, primer-dimer bands, and other non-specific 
amplification bands sit relative to the intended product. A 100 bp ladder (M) is used as a size reference. (B) Pooled amplicons following 
two rounds of PCR, prior to clean-up with noticeable unwanted primer and primer-dimer bands. (C) Pooled amplicons post-gel 
extraction, with no visible primer or primer-dimer bands. (D) Pooled amplicons post-PEG bead clean-up, with PEG bead ratios of 1.1x, 
1.2x, and 1.3x to the PCR product. Very faint primer/primer-dimer bands can be seen near the bottom of the image. 
 
A comparison between gel extraction for clean-up of unwanted small fragments (Figure 3.16C)  
versus PEG-diluted bead clean-up (Figure 3.16D) saw gel extraction to be the preferred method. 
While PEG-diluted bead clean-up saw better brightness on the gel at 1.1x and 1.2x ratios, indicating 
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a higher post-clean up yield, adapter bands could still be seen, unlike in the gel extracted pool where 
they were not. The gel-purified amplicon pool was then sequenced via the Illumina iSeq.  
 
3.4.3 Amplicon sequencing results 
The sequencing results for the 10 successful amplicons shows mixed validation of the SNPs that were 
identified bioinformatically (Figure 3.17). Four SNPs, those in maea.S, Lis-1, NDUFS5, and 
PSMD10, showed a ratio of reference to alternate alleles close to 1:1, confirming their status as 
heterozygous SNPs in Sandy. Another three SNPs, those in Pdhb, MRPL12, PRMT11, fell outside of 
a the roughly 1:1 ratio, but were still over the 20% minimum threshold I have used to consider a SNP 
to be heterozygous. The MRPL12 and PRMT11 SNPs also have a relatively low read count, so 
perhaps their ratios would fall closer to 1:1 if this was to increase. The remaining three “SNPs”, those 
in Hnrnpk, NDUFB8, and ube2d3 showed > 80% skewing towards the more frequent allele, meaning 
they should not be considered heterozygous SNPs within the threshold I have been using.  
 
 
Figure 3.17. Amplicon data showing genomic alleles at selected SNP sites in candidate imprinted genes in Sandy.  
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Sequencing data from the amplicons designed to surround the region around the SNP sites. Reads were filtered to be > 70 base pairs 
long and were also filtered by the genomic sequence directly downstream of the SNP site. Read counts for the alleles are displayed 
over each bar.   
 
3.4.4 Assessing the SNPs with RNA-seq data from multiple individuals 
To find further evidence of imprinting, these SNPs were assessed in other individuals, using RNA 
sequencing datasets from the 24 other brushtail possum livers previously sequenced by the Hore 
laboratory as well as the 25 RNA sequencing datasets I had constructed. The datasets were loaded 
into IGV alongside any respective variant call files. The ten candidate imprinted genes with 
successful amplicons, as well as the two that did not have successful amplicons, were examined. 
Again, good evidence of imprinting included SNP sites that were suspected heterozygotes, yet 
showed a skewed preference for one allele in the transcriptome that was greater than 80%, suggesting 
monoallelic expression of that SNP site. Additionally, the absence of any heterozygotes for a SNP 
site in all 49 datasets suggested that the site was unlikely to be imprinted and could be attributed to a 
falsely called SNP instead. I used the confirmed SNP found in IGF2R, a known mammalian imprinted 
gene, as a control to compare if these SNPs seemed to show an imprinted mode of expression.  
 
While the analysis up till this point was encouraging, close inspection of SNPs in the RNA sequencing 
data, revealed a complete lack of heterozygotes for all the SNPs across all the individuals, i.e. no 
expression (at all) of the minor allele. The laws around the Hardy-Weinberg equilibrium would 
suggest that a number of these individuals should be heterozygous for these SNPs, with at least a 
small level of expression of the minor allele. For example, even at constitutively imprinted genes 
such as IGF2R, up to 20% of the reads show the silenced allele in heterozygous individuals. As such, 
I was compelled to look harder for alternative explanations as to why these SNPs had showed 




3.4.5 Exploring retro-transposed pseudogenes 
Table 3.4. Investigating whether the SNPs are located within pseudogenes 








Hnrnpk T>C chr2:82107123 Bad Yes Multiple copies – chr9 has introns, chr2 does not 
Pdhb T>C chr1:246171995 Ok Yes Multiple copies – chr1 has introns, chr1 does not 
maea.S T>G chr4:320564557 Good Yes Multiple copies – chr6 has introns, chr4 does not 
Lis-1 C>A chr4:76215355 Good Yes Multiple copies – chr7 has introns, chr4 does not 
NDUFB8 C>T chr1:332190588 Bad Yes Multiple copies – chr8 has introns, chr1 does not 
fam50a.L T>C chr3:23892313 No amplicons Yes Multi-copy – chr6 and chr8 
MRPL12 C>A chr1:560732005 Ok Yes Multiple copies – chr4 has introns, chr1 does not 
NDUFS5 C>G chr1:539267861 Good Yes Multiple copies – chr3 has introns, chr1 does not 
PRMT11 T>C chr6:134642506 Ok Yes Multiple copies – chr2 has introns, chr6 does not 
trmt112 A>G chr1:236487711 No amplicons Yes  
Multiple copies – chr6 has 
introns, chr1 does not 
ube2d3 A>G chr4:352871969 Bad Yes Multiple copies – chr6 has introns, chr4 does not 
PSMD10 A>G chr4:235683762 Good Yes Multiple copies – chrX has introns, chr4 does not 
 
While I was in the process of searching for the genomic location of my SNPs on the UCSC Genome 
Browser (https://genome.ucsc.edu/), I found that one of the genes I was interested in was actually 
represented with two semi-duplicated copies. The first was the regular gene, complete with exons and 
introns, however the second copy was an intron-less, retro-transposed pseudogene (Table 3.4). 
Surprisingly, when I looked at the other 11 candidates I was most interested in, I found every single 
one of them was behaving in this manner. This makes it unlikely they are actually imprinted genes – 
if the intron-less retroposed genes are not expressed, but have mutations associated with them, cross 
mapping between the expressed gene and the pseudogene could make it appear that are SNPs being 
monoallelically expressed.   
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4 CHAPTER FOUR: DISCUSSION 
While genomic imprinting is well described in eutherian mammals and affects ~100 genes, only 8 
orthologues of eutherian imprinted genes have also found to be imprinted in marsupials (Stringer et 
al., 2014). Douglas et al. (2014) claimed to identify a marsupial-specific imprinted gene; however, 
flaws with this study’s methodology, namely only looking at one individual and one tissue type, call 
this finding into question.  
 
In my study, a search for polymorphisms with monoallelic expression was conducted across a 
sequenced common brushtail possum genome in silico before being verified in vitro. Verified 
genomic polymorphisms were then confirmed in a range of other brushtail possums of varying ages 
and the allelic expression of these polymorphisms was assessed in the tissues of these individuals. 
Here, I found that SNPs within IGF2R and H19, two known mammalian imprinted genes, show clear 
monoallelic expression across all brushtail possum individuals; however, the lack of homozygous 
mother–heterozygous pouch young pairs meant that genomic imprinting could not be definitely 
proven. Efforts to find novel, marsupial-specific imprinted genes initially looked promising, but were 
later found to be pseudogenes showing false monoallelic expression.  
 
4.1 Evaluating methods used 
4.1.1 PCR and amplicon sequencing 
In order to assess whether individuals were homozygous or heterozygous for each of the assessed 
alleles, I constructed amplicons amplifying the regions surrounding the SNP sites. The approach used 
in the latter parts of my study were unique due to the fact I used a two-step PCR in order to add 
unique index adapters compatible with Illumina sequencing. In contrast to regular Sanger sequencing, 
this allowed all the samples to be pooled and undergo high-throughput sequencing in multiplex, a 
much more efficient method of sequencing a large number of samples. Nevertheless, the primary 
problem I had with this was relatively low success rates for my PCRs, limiting my ability to be able 
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to genotype heterozygotes across all the individuals. For example, I had a success rate of just 26/35 
(77%) for the SNP at chr7:94900327 in IGF2R and 22/35 (63%) for the SNP at chr6:282643107 in 
H19. Missing out on genotyping so many individuals for these SNPs reduced the power of my 
findings, and while they were still significant, a greater sample size of confirmed heterozygotes could 
have made the p-value even smaller.  
 
A potential reason why so many PCRs did not work is that PCR efficiency may have been reduced 
on account of the large oligos needed due to the adapter sequence. Furthermore, it is likely that in 
some cases, my input template DNA concentration may have been too low or carried-through PCR 
inhibitors, such as EDTA or ethanol, may have still been present following TNA extraction. I would 
have liked to repeat this experiment by re-extracting better quality TNA to use for the PCRs, however, 
time constraints ultimately thwarted these efforts.  
 
4.1.2 RNA-sequencing 
RNA sequencing libraries are a very useful tool in assessing the expression of genes in the 
transcriptome of different tissues, making them ideal for analysing genomic imprinting. The process 
of RNA sequencing library construction is a relatively recent technology that has become more 
widely available with the lowering cost of next-generation sequencing methods, and optimisation of 
the protocol used for this project took a number of weeks in total. While only 25 out of 39 tissue 
samples were successful in constructing libraries and more time might have meant I could have 
increased the number of successful libraries overall, the data they provided proved an invaluable 
resource in being able to prove monoallelic expression in possums. While assessing the allelic 
expression of SNPs within a single gene can be achieved through libraries, or by simply amplifying 
regions of cDNA for a gene of interest, the benefit of creating libraries is being able to assess the 
transcriptome globally on a whole genome level, allowing analysis of wide-ranging genes of interest 
within the same dataset. Originally, I had wanted to construct brain, kidney, and liver libraries for 
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each of the 13 possum individuals I had dissected to be representative of the three germ layers 
(ectoderm, mesoderm, and endoderm), but the relatively low success of the library constructions 
meant that I did not have enough libraries with high numbers of reads at the SNP sites in each tissue 
to make decent comparative analyses of tissue-specific expression. Despite this, I was able to combine 
the data for the libraries I had constructed with libraries previously constructed by members of the 
Hore laboratory, resulting in high confidence in the findings I was able to make.  
 
4.1.3 SNP discovery pipeline 
Initially, I identified SNPs using the raw sequencing reads of 'Sandy', the individual sequenced for 
the Possum Genome Project. While this approach made good use of existing data, and generally 
proved an effective way to find SNPs, I was only able to find called SNPs in 3 out of 8 marsupial 
imprinted genes in Sandy using this method. Perhaps it would have been better to begin with multiple 
RNA sequencing datasets in order to find common SNPs in more marsupial imprinted genes, rather 
than just relying on Sandy. Indeed, as discussed in more detail below, when I widened my search 
using RNA sequencing data from multiple individuals, I was able to find polymorphisms held within 
H19 and IGF2 – arguably two of the most iconic imprinted genes.  
 
4.2 Imprinted gene expression in brushtail possum 
Genomic imprinting has been found to exist in marsupials such as the tammar wallaby and the gray 
short-tailed opossum (Stringer et al., 2014), and while it is perhaps not unexpected that it should exist 
in the common brushtail possum, this is something that has never before been confirmed in published 
literature. The aim for this study was to gain a more comprehensive understanding of the existence 
of genomic imprinting in marsupials by identifying and characterising imprinted genes from a range 
of tissues in the brushtail possum. My results have shown 4 marsupial imprinted genes to have 
monoallelic expression in possum. Allelic skewing was measured visually, but for IGF2R and H19, 
where sufficient genomic allele controls were included, it was possible to apply a Student’s T-test to 
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compare the allelic proportions in RNA-sequencing data. The resulting p-values of 0.0001 and 0.0039 
for IGF2R and H19 respectively, are considered statistically significant and very unlikely to occur by 
chance alone.  
 
This shows the existence of monoallelic expression in these two genes in the brushtail possum, which 
is strongly indicative of genomic imprinting. Nevertheless, I did not formally prove that these genes 
were definitively imprinted as I did not show maternal-specific expression as has been seen in 
opossum and wallaby (Killian et al., 2000; Smits et al., 2008). In the absence of known fathers (as in 
this study), to be sure of allelic inheritance patterns I would require any heterozygous SNPs in the 
offspring tested to be homozygous in the mother. While I had five mother-offspring pairs in this study 
(sample 10 and 11; sample 16 and 17; sample 18 and 19; sample 20 and 21; Puku and Sandy/Sheila), 
I did not see for any of the required pair of homozygous mother and heterozygous offspring for the 
SNPs in the imprinted gene candidates I analysed in order to make a definitive conclusion. Pairs of 
these kinds would confirm imprinting by assessing which parent the offspring’s expressed allele is 
derived from. In future, screening SNPs in a wider range of mother-offspring pairs will be needed.  
 
Something that removed many heterozygous samples from the final analysis was the fact that H19 
expression becomes significantly downregulated in adult possums. The DNA amplicons found 11 
individuals to be heterozygous for the SNP site at chr6:282653107 in H19, however, just 5 of these 
had more than 8 reads for the SNP site in the RNA sequencing data, with all but one (sample 03) 
considered to be pouch young or juvenile (Figure 3.12). This would support findings from mice which 
show that H19 expression is downregulated in almost all tissues, except muscle, immediately 
following birth (Brunkow & Tilghman, 1991), if the “delayed” cycle of marsupial development is 
taken into consideration. This has also been found in data from other marsupials, whereby tammar 
wallaby H19 transcripts are expressed in fetal livers, pouch young livers, placentas, and pouch young 
brain, but not in adult livers, with IGF2 expression being biallelic (Smits et al., 2008). Notably, the 
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reciprocal imprinting mechanism of IGF2 and H19 found in eutherians is conserved in marsupials 
(Smits et al., 2008), explaining how as the imprinting mechanism of the locus is turned off in adult 
tissue, H19 expression stops and IGF2 expression becomes biallelic in the brushtail possum 
(mentioned more in detail below).  
 
MEIS1, the gene described by Douglas et al. (2014) to be imprinted in the South American gray short-
tailed opossum, was found to have biallelic expression in Sandy (Figure 3.3D). This means that if 
their claim is true, then imprinting for MEIS1 evolved after the split of the American marsupials from 
the Australasian marsupials many millions of years ago. Of the other imprinted genes tested in Sandy, 
a definitive call on monoallelic expression was unable to be made on MEST, primarily because the 
read counts in the RNA sequencing data was low across all tissues. MEST (which stands for 
Mesoderm-Specific Transcript) is generally expressed in mesoderm-derived tissues (Sado et al., 
1993), however data from Sandy’s heart, muscle, and kidney (all mesoderm-derived) was no greater 
than any of the other tissues shown (Figure 3.3C). PEG10 saw monoallelic expression in brain tissue, 
with read counts in the other tissues being too low to make a call (Figure 3.3B). This suggests brain 
tissue-specific expression of this gene, which has been seen in eutherians (Ono, 2003). Interestingly 
PEG10 is actually found to be most significantly expressed in the placenta (Ono, 2003; Suzuki et al., 
2007), a tissue that would have been ideal to test over the course of this project.  
 
The placenta, a tissue key to understanding mammalian genomic imprinting, was unable to be 
obtained from brushtail possums for analysis. This is largely due to practical reasons, namely the fact 
that the possum placenta, like other marsupial placentas, is extremely short-lived relative to eutherian 
placentas. Birth occurs just 3-4 days after attachment of the embryo (H. Tyndale-Biscoe, 2005), and 
a new-born brushtail possum will crawl from the birth canal into the pouch, meaning that the birth of 
a new-born possum often won’t be noticed until it has appeared in the pouch, making the collection 
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of viable placental tissue from multiple individuals extremely difficult. Therefore, the decision was 
made to primarily examine liver, brain, and kidney tissue instead.  
 
4.3 IGF2 changes from monoallelic to biallelic expression as the possum ages 
When ordering the suspected heterozygous samples by age, I saw that there seemed to be a correlation 
between monoallelic expression of IGF2 and age. In pouch young samples, expression of IGF2 was 
monoallelic, with the expression of a single allele in more than 80% of the reads for that position at 
chrUn_JAANDE010000037v1:11329. However, as the age of the possums increased, expression of 
IGF2 reverted from monoallelic to biallelic, with roughly equal expression of both alleles in adult 
possums. This aligns with findings in humans and mice where IGF2 has been found to have tissue 
and development stage-specific imprinting and expression; for example, in mice embryos, the 
maternal allele of Igf2 is silenced and monoallelic expression is seen in all tissues, except the choroid 
plexus and leptomeninges in the brain (Dechiara et al., 1991). Additionally, in marsupials such as the 
tammar wallaby, the fetal and pouch young liver sees monoallelic expression of IGF2 in favour of 
the paternal allele, but expression then becomes biallelic in the adult liver (Smits et al., 2008; Stringer 
et al., 2012), meaning the tissue and development stage-specific imprinting and expression is 
conserved between eutherian and marsupial species. As liver is a main source of IGF2 expression 
postnatally in humans (X. Li et al., 1996; O'Dell & Day, 1998), utilising liver tissue datasets gave me 
the best chance to accurately capture the allelic expression of this gene in the brushtail possum pouch 
young compared to adult.  
 
Evidence from Figure 3.13 shows that monoallelic expression of IGF2 in the liver seems to begin 
between the juvenile age range and the adult age range. In H19, it’s reciprocally imprinted gene, 
expression ceases at this same time, so an interesting model can be proposed. I would predict that as 
the brushtail possum leaves its pouch (~200 days after birth), H19 expression largely switches off 
and imprinting on IGF2R is lost in the liver. This is because the possum relies less on maternal 
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nutrients in milk for growth, meaning there is no reason for imprinting to remain. Interestingly, in the 
tammar wallaby, monoallelic, imprinted expression of IGF2 and H19 is maintained in the adult 
mammary gland (Stringer et al., 2012); a tissue that, unlike the liver, continues to influence the 
maternal contribution to offspring growth. This supports my model where a loss of imprinting is 
selectively associated with adult tissues that no longer contribute to offspring growth. To fully test 
this model, a greater number of heterozygous juvenile brushtail possums (known as joeys or back-
riders) would need to be tested for allelic expression as well as the genomic allele. Additionally, it 
would be advantageous to not only test the liver, but also tissues like the mammary gland and placenta 
where maternal contribution to offspring growth is more obvious.  
 
4.4 Genome-wide search for marsupial-specific imprinted genes  
My search to find novel, marsupial-specific imprinted genes in the brushtail possum initially looked 
promising, finding 12 genes with SNPs that showed apparent monoallelic expression in Sandy’s 
tissues following an in silico genome-wide search. However, there were two main reasons why I now 
have less confidence in this approach.  
 
Firstly, when I looked through the list of candidate genes, IGF2R was the only gene known to be 
imprinted in marsupials that was detected using this approach. In many cases, there were clear reasons 
why the other genes I identified as having monoallelic expression were not selected in this list. For 
example, the screening procedure focused only on genes with monoallelic expression in all 13 tissues 
of Sandy's tissues. Therefore, genes not on this list included tissue-specific imprinted genes like 
PEG10, which I found to only have significant and imprinted expression in Sandy’s brain tissue 
(Figure 3.3B). Other known marsupial imprinted genes, such as H19 and IGF2, did not have any 
called SNPs in Sandy, meaning they would also not appear on the list of candidate imprinted genes. 
Given these omissions, it is hard to be confident that a de novo approach for imprinted gene 




In addition to not detecting known imprinted genes, the novel candidates I initially identified 
ultimately also showed issues. Specifically, when I performed alignment searches for these 
candidates, I tested, I found all of them had intron-less pseudogenes somewhere in the genome. 
Pseudogenes are regions of DNA that may arise following retrotransposition events whereby non-
functional copies of functional genes are inserted randomly into the genome (Vanin, 1985). When 
looking for monoallelic expression of SNPs, the presence of pseudogenes becomes an issue because 
polymorphisms may seem heterozygous when they are actually not due to mapping errors. Therefore, 
in the RNA sequencing data, expression of non-functional pseudogenes may look like monoallelic 
expression of functional genes, which explains why the RNA sequencing data seemed to show a 
complete lack of heterozygotes for SNPs in the 12 genes I was interested in.  
 
While it was disappointing that novel imprinted genes could not be identified, this is consistent with 
the expectation that imprinting in marsupials is restricted compared to eutherian mammals (Hore et 
al., 2007). The short-lived and non-invasive marsupial placenta means that the maternal contribution 
to the nutrients of a marsupial fetus is much less than in eutherians. Therefore, paternally-derived 
genes in the placenta have less opportunity to influence the provision of maternal resources, meaning 
that, theoretically, the parental conflict between the paternally-derived genes that seek to maximise 
resource consumption and the maternally-derived genes that seek to limit resource consumption is 
reduced (Moore & Haig, 1991; Trivers, 1974). Therefore, it would make sense that these imprinted 
genes are rarer in marsupials, especially in the tissues that I examined.  
 
Nevertheless, it would be interesting to see whether this would also hold true in tissues that continue 
to influence offspring development after birth, such as the mammary gland. It has been found that 
marsupial milk plays an analogous role to the eutherian placenta for the development of the offspring, 
with the mammary glands of the tammar wallaby making use of similar genes to those used by the 
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eutherian placenta to support offspring development (Guernsey et al., 2017). Marsupial milk is also 
much more complex than in eutherians, with a far longer lactational period over four stages of varying 
lipid, protein, and carbohydrate concentrations (C. E. Tyndale-Biscoe et al., 1987). While genes like 
IGF2 have been found to switch to biallelic expression in the adult tammar wallaby liver (with the 
same suspected in the brushtail possum), in the mammary gland expression remains monoallelic and 
imprinted (Stringer et al., 2012). Just as the eutherian placenta is an organ highly dependent on 
genomic imprinting, some evidence suggests that the marsupial mammary gland might be too. This, 
along with the placenta itself, might therefore be a better tissue from which future investigations into 
novel, marsupial-specific imprinted genes should focus on.  
 
4.5 Future directions 
The confirmation of monoallelic expression of two important mammalian imprinted genes, IGF2R 
and H19, in the brushtail possum, as well as suspected tissue and age-specific monoallelic expression 
of PEG10 and IGF2 validates that brushtail possums likely show the same type of genomic imprinting 
as their more-studied marsupial cousins, like wallabies and opossums. However, to confirm genomic 
imprinting, a future direction to take would be to test mother-pouch young pairs exclusively, in the 
hope that some would be able to show the direction of inheritance of the monoallelically expressed 
alleles. Another direction that could be taken, based on preliminary findings in this study, is to test 
the allelic expression of IGF2 and H19 in a larger number of back-rider (juvenile) possums. This 
might give a clearer picture as to the specific age in which expression of IGF2 switches from 
monoallelic to biallelic in the liver and whether this correlates with H19 expression switching off. As 
mentioned earlier, it would be very interesting to conduct a search for novel, marsupial-specific 
imprinted genes in tissues that have a greater influence on offspring growth, such as the placenta and 
mammary glands. Here, I think it would be more likely to find evidence of novel imprinted genes 
than in the three tissues I tested over the course of this project. However, a better approach to find 




4.6 Concluding remarks  
This study is part of broader research in an effort to sequence, annotate, and characterise features of 
the common brushtail possum genome. Despite some technical difficulties reducing the number of 
samples giving viable amplicons and RNA sequencing datasets, I found that the known marsupial 
imprinted genes, IGF2R and H19, showed monoallelic expression in the possum. Additionally, IGF2 
likely switches from monoallelic expression in the pouch young liver to biallelic expression in the 
adult liver. PEG10 saw monoallelic expression in brain tissue only. For MEST, a gene characterised 
as imprinted, and MEIS1, a gene claimed to be a marsupial-specific imprinted gene in the gray short-
tailed opossum, monoallelic expression was not seen. Due to the lack of homozygous mother-
heterozygous pouch young pairs for the SNPs in IGF2R and H19, monoallelic expression could not 
be confirmed as being due to genomic imprinting, but evidence from other marsupials and eutherian 
species suggests this is extremely likely. I was unfortunately not able to find any novel, marsupial-
specific imprinted genes due to the presence of pseudogenes that gave a false impression of 
monoallelic expression.  
 
My results and findings in this study can add to the relatively few publications surrounding marsupial 
genomic imprinting. In doing so, this may help our understanding of the evolution of genomic 
imprinting and its relation to viviparity, as well as adding to the research needed to meet New 
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Supplementary Figure 1. Addition of index adapters to PCR amplicons.  
Primers complementary to the region of interest surrounding the SNPs (blue) were designed to incorporate “Lange handle” sequences 
(green) that are themselves complementary to unique index adapter sequences (red). Following 27 cycles of PCR, amplicons contained 
the region of interest flanked by the “Lange handle” sequences. Unique index adapters were added and amplicons underwent a further 






Supplementary Figure 2. Bioline HyperLadder™ molecular weight marker sizes.  





Supplementary Figure 3. Nomogram for brushtail possum (Trichosurus vulpecula).  
Expected measurements of a brushtail possum pouch young based on their age. Possum will leave the pouch at ~200 days old. Taken 
from Lyne and Verhagen (1957).  
 
 
Supplementary Figure 4. Ratios of PEG-diluted beads used for cleaning up 100 bp ladder.  
1.5% agarose gel showing 2 µL of 100 bp ladder (+ 18 µL H2O) cleaned up with varying ratios of magnetic SPRI beads diluted in 18% 






Supplementary Table 1. FPI sequences used 
Forward priming index (FPI) sequences 
FPI 17 AATGATACGGCGACCACCGAGATCTACACAAGGTACAACACTCTTTCCCTACACGACGCTCTTCCGATCT 
FPI 18 AATGATACGGCGACCACCGAGATCTACACACACAGAAACACTCTTTCCCTACACGACGCTCTTCCGATCT 
 
Supplementary Table 2. RPI sequences 
Reverse priming index (RPI) sequences 
Primer CAAGCAGAAGACGGCATACGAGATNNNNNNNNGTGACTGGAGTCAGACGTGTGCTCTTCCGATCT 
Reverse priming index 
RPI_1 ATCACGTT RPI_25 TGCGATCT RPI_49 TGTCTATC RPI_73 GCAACATT 
RPI_2 CGATGTTT RPI_26 TTCCTGCT RPI_50 TATGTGGC RPI_74 GGTCGTGT 
RPI_3 TTAGGCAT RPI_27 TAGTGACT RPI_51 TTACTCGC RPI_75 GAATCTGT 
RPI_4 TGACCACT RPI_28 TACAGGAT RPI_52 TCGTTAGC RPI_76 GTACATCT 
RPI_5 ACAGTGGT RPI_29 TCCTCAAT RPI_53 TACCGAGC RPI_77 GAGGTGCT 
RPI_6 GCCAATGT RPI_30 TGTGGTTG RPI_54 TGTTCTCC RPI_78 GCATGGCT 
RPI_7 CAGATCTG RPI_31 TAGTCTTG RPI_55 TTCGCACC RPI_79 GTTAGCCT 
RPI_8 ACTTGATG RPI_32 TTCCATTG RPI_56 TTGCGTAC RPI_80 GTCGCTAT 
RPI_9 GATCAGCG RPI_33 TCGAAGTG RPI_57 TCTACGAC RPI_81 GGAATGAT 
RPI_10 TAGCTTGT RPI_34 TAACGCTG RPI_58 TGACAGAC RPI_82 GAGCCAAT 
RPI_11 GGCTACAG RPI_35 TTGGTATG RPI_59 TAGAACAC RPI_83 GCTCCTTG 
RPI_12 CTTGTACT RPI_36 TGAACTGG RPI_60 TCATCCTA RPI_84 GTAAGGTG 
RPI_13 TGGTTGTT RPI_37 TACTTCGG RPI_61 TGCTGATA RPI_85 GAGGATGG 
RPI_14 TCTCGGTT RPI_38 TCTCACGG RPI_62 TAGACGGA RPI_86 GTTGTCGG 
RPI_15 TAAGCGTT RPI_39 TCAGGAGG RPI_63 TGTGAAGA RPI_87 GGATTAGG 
RPI_16 TCCGTCTT RPI_40 TAAGTTCG RPI_64 TCTCTTCA RPI_88 GATAGAGG 
RPI_17 TGTACCTT RPI_41 TCCAGTCG RPI_65 TTGTTCCA RPI_89 GTGTGTCG 
RPI_18 TTCTGTGT RPI_42 TGTATGCG RPI_66 TGAAGCCA RPI_90 GCAATCCG 
 
90 
RPI_19 TCTGCTGT RPI_43 TCATTGAG RPI_67 TACCACCA RPI_91 GACCTTAG 
RPI_20 TTGGAGGT RPI_44 TGGCTCAG RPI_68 TGCGTGAA RPI_92 GCCTGTTC 
RPI_21 TCGAGCGT RPI_45 TATGCCAG RPI_69 GGTGAGTT RPI_93 GCACTGTC 
RPI_22 TGATACGT RPI_46 TCAGATTC RPI_70 GATCTCTT RPI_94 GCTAACTC 
RPI_23 TGCATAGT RPI_47 TACTAGTC RPI_71 GTGTCCTT RPI_95 GATTCATC 
RPI_24 TTGACTCT RPI_48 TTCAGCTC RPI_72 GACGGATT RPI_96 GTCTTGGC 
 
Supplementary Table 3. NEXTFLEX® UDI Barcoded Primers used as adapters for RNA library construction 
NEXTFLEX® UDI Barcoded Primers 
P5 index primer 
AATGATACGGCGACCACCGAGATCTACACNNNNNNNNACACTCTTTCCCTACACGACGCTC
TTCCGATCT 
P7 index primer 
GATCGGAAGAGCACACGTCTGAACTCCAGTCACNNNNNNNNATCTCGTATGCCGTCTTCTG
CTTG 











UDI0002 GTCTACAT TTCTTGAA UDI0043 CTATCATT GACCACCT 
UDI0004 GATCAACA CTATGTTA UDI0049 AAGACGAA AATAGATT 
UDI0010 GATTCCTT CATAGGCA UDI0050 TTATTATG TTAGCGCA 
UDI0012 GATTCGAG CCGAGTAT UDI0058 TCAACGAG CGTCAACC 
UDI0017 CGTATTGG GGTATCTT UDI0059 TGCGAGAC GCCGGCGA 
UDI0019 CTTAATAC CCATTGTG UDI0065 CACAGTAA CACTAGAG 
UDI0025 AATCCGTT AATATGCT UDI0066 TGGTCATT GCAGATGG 
UDI0026 TGCGTACA TTCTCATA UDI0067 CAACCGTG CTCTCACG 
UDI0033 AAGAAGCG GTAGATAA UDI0075 CAACTGCT AGTAGTAT 
UDI0034 CTCACGAT CTTACGGC UDI0081 TGAACAGG GAGAACAA 
UDI0035 TCGGTCGA CCAAGTGC UDI0083 TTCCACCA GGTTAAGG 
UDI0041 CGATTATC GAGTTGAT UDI0089 TTCTGGTG CCAGTGGT 
UDI0042 TCGAAGCT GCACTGAG 
 
